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ABSTRACT 
In heterogeneous catalysis, adsorbed intermediates enable multi-step reaction pathways for 
otherwise energetically difficult chemical transformations. Understanding how catalyst surfaces 
impact the formation and reactivity of these adsorbed species is crucial to the rational design of 
new materials and structures. Many techniques based on spectroscopy, scanned probe microscopy, 
and electrochemistry have been developed to detect surface intermediates. These techniques have 
been used to chemically identify surface intermediates of many reactions and have played a role 
in understanding reactivity at well-defined interfaces.  However, among these techniques, there is 
a need for a quantitative technique that can directly access reactivity in situ and can study the 
impact of local surface structure on adsorbate reactivity.     
Scanning electrochemical microscopy (SECM) is a powerful tool for probing local 
electrochemical reactivity at operating electrochemical interfaces. Recently, the surface 
interrogation mode of scanning electrochemical microscopy (SI-SECM) was introduced to allow 
the measurement of the coverage and reactivity of adsorbed reactive species formed on 
microelectrodes. Here, we detail work developing the numerical simulations framework that 
enables the application of this powerful technique to the spatially-resolved quantification of 
intermediates formed during photocatalytic reactions on semiconductor surfaces. This framework, 
allowed the measurement of the reaction kinetics and coverage of reactive oxygen species (ROS) 
formed on strontium titanate (SrTiO3) during photoassisted water oxidation. While developing the 
framework, it was discovered that simulations predicted that smaller SECM probes would enhance 
the surface interrogation signal while simultaneously improving the spatial resolution of SI-SECM 
measurements. This prediction was verified experimentally and leveraged to study the localized 
impact of substrate–adsorbate interactions on the reactivity of adsorbed ROS formed on pristine 
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and defective sites on a (100) face of a SrTiO3 single crystal. Through some minor modifications, 
this framework even resolves the presence of multiple analytes of differing reactivities to produce 
a snapshot of the complex environment at the semiconductor–electrolyte interface. This capability 
was used to track the formation and decay of ROS formed on hematite during photocatalytic water 
oxidation. The development of these capabilities have significantly improved the utility of SECM 
for the studying mechanisms of photocatalytic transformations on semiconductor surfaces. 
More recently, we developed a novel platform to dynamically study the influence of 
surface structure on adsorbate reactivity. Strain engineering is an emerging concept in materials 
science where an engineered lattice deformation is used to tune the properties of functional 
materials. Our newly developed platform utilizes piezoelectric materials to induce strain in thin 
catalyst layers, which modulates the binding energy of molecular species to the surface. Because 
these supports are able to reversibly strain the supported catalysts, a larger array of surface 
configurations can be studied rapidly compared to typical approaches to strain engineering. While 
this technique is still in its infancy, refinements of device structure will enable detailed study of 
the relationship between surface structure and adsorbate reactivity.  
Many opportunities exist to improve the analytical performance of both SI-SECM and 
piezoelectric catalyst supports. For SI-SECM, it may be possible to develop methods to extract 
both surface coverage and reactivity from interrogation signals without the need for exhaustive 
simulation. This would allow the development of SI-SECM imaging modes to better understand 
the spatial distribution of adsorbate populations on operating semiconductor surfaces. Using 
surface interrogations to quantify changes in adsorbate reactivity on catalysts being dynamically 
strained by piezoelectric supports will allow discovery of an unprecedented level of detail 
regarding structure‒function relationships at catalyst surfaces. These new electroanalytical 
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techniques provide a route to powerful in situ measurements of reactivity that complement existing 
knowledge to develop a mechanistic understanding of heterogeneous catalysis and inform catalyst 
design. 
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CHAPTER 1: INTRODUCTION 
1.1 Abstract 
In heterogeneous catalysis, adsorbed intermediates enable multi-step reaction pathways for 
energetically difficult chemical transformations. Understanding how catalyst surfaces impact the 
formation and reactivity of these adsorbed species is crucial to the rational design of new catalytic 
materials and structures. The Sabatier principle asserts that the bond strength between a catalyst 
and an intermediate must be neither exceptionally high nor low to achieve maximum catalyst 
performance. This principle underlies the development of volcano plots to predict the activity of 
heterogeneous catalysts for various reactions of small molecules. Volcano plots informed by 
molecular models have led to the discovery of new catalysts for some reactions but have also 
revealed significant challenges to the creation of faster and more selective heterogeneous catalysts.  
The conversion of water to oxygen and back is critical to the development of hydrogen-
oxygen fuel cells, and this catalytic reaction must proceed through adsorbed species in both 
directions. The oxygen reduction reaction to water on metal surfaces typically proceeds through a 
three-step mechanism that includes adsorption, oxygen–oxygen bond breaking, and desorption 
steps. While breaking of the oxygen–oxygen bond is relatively facile, a scaling relationship exists 
between the thermodynamics of the adsorption and desorption steps that imposes a large activation 
barrier on the oxygen reduction reaction. Water oxidation to oxygen also necessitates adsorption 
and desorption steps that exhibit scaling relationships that result in a similar scaling relationships 
to those of the oxygen reduction reaction. These activation barriers represent significant energy 
losses in both the production and use of oxygen as a fuel that decrease efficiency by close to 50%. 
However, eliminating these activation barriers will require new approaches to catalyst design that 
circumvent the thermodynamic limitations imposed by scaling relations. 
2 
The surface interrogation mode of scanning electrochemical microscopy is a powerful tool 
for studying surface chemistry. Surface interrogation is a redox titration technique in which a 
titrant is generated at an ultramicroelectrode probe positioned near a catalyst surface. Bimolecular 
redox reactions with species adsorbed on the catalyst produce a positive feedback current that is 
measured by the ultramicroelectrode to quantify the surface coverage and reactivity of adsorbed 
intermediates. This tool has been used to investigate adsorbed intermediates formed during several 
electrocatalytic reactions, and holds much promise for application to other systems.   
1.2 Heterogeneous Catalysis and Surface Intermediates 
Heterogeneous catalysts enable multi-step reaction pathways for energetically difficult 
chemical transformations. 1 These reactions are made possible through the creation of chemical 
bonds between the reactant and the surface which allow the formation of adsorbed reactive species 
on the catalytic surface.2, 3 Because of these adsorbed intermediates, catalytic reactions can proceed 
through a series of steps on the catalytic surface, instead of the large steps that would be required 
for these reactions in the gas phase.4 These steps determine the reaction paths available to a 
reactant, which control what products are generated during catalysis. Ultimately, the ability of a 
catalyst to bind reactants has a great impact not only on the rate at which that catalyst can perform 
reactions, but also on the selectivity of that catalyst.1 
Early approaches to developing a unifying theory to explain how catalyst structures impact 
the performance of different catalysts for a reaction typically used parameters derived either from 
kinetic analysis or ex situ surface characterization. Heats of adsorption of surface species measured 
by calorimetry5, 6 or derived from analyzing catalytic rates2 were very commonly used in early 
literature on heterogeneous catalysis to correlate trends in activity between different surfaces. 
Others hypothesized that the differences could be explained by geometric factors, such as the 
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spacing7 or arrangement8 of atoms at the catalyst surface. One of the first proposed descriptors for 
trends in electrocatalytic activity of a metal was the metal’s work function.9 These experiments led 
to a larger focus on the electronic structure of metal catalysts as the determining factor of their 
activity.10, 11 The resonance–valence-bond model proposed by Pauling formalized the relationships 
in electronic structure and introduced concepts relating the occupancy of d-bands to the formation 
of orbitals enabling chemisorption at catalytic surfaces.12 Work by Trasatti in the early 1970’s 
experimentally demonstrated how bond strength played a crucial role in quantitatively describing 
trends in electrocatalyst activity across different metals.13 Alongside work by Mott and Jones 
describing the band structure of metals,11 Pauling’s work seeded the development of modern d-
band theory.  
Recently, work elucidating how catalyst performance is tied to molecular binding 
dynamics at the catalyst surface has moved to descriptions based on d-band theory that employ 
simulated electronic structures of catalyst surfaces. Modern d-band theory details how the electron 
orbitals (blue in Figure 1.1) 
of an adsorbed species 
couple to the valence states 
of the metal.3  For transition 
metals in their metallic state, 
the valence s orbitals (cyan in 
Figure 1.1) are half-filled and 
broad, the contributions of 
the s orbitals differ very little 
from one metal to the next.1  
Figure 1.1: Energy diagrams describing the coupling of small molecule orbitals 
coupling to s states (cyan where filled) and d states (red where filled) of a bulk 
metal. The black horizontal arrow represents the Fermi level of the metal. 
Proceedings of the National Academy of Sciences of the United States of 
America 2011, 108 (3), 937-943. Copyright 2011 National Academy of 
Sciences. 
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Instead, the coupling of the adsorbate to the metal surface is largely determined by the interaction 
of the adsorbate with the narrower energy distribution of d orbitals. The interaction of adsorbates 
with d orbitals generates both bonding and anti-bonding states, the occupancy of which are 
determined by the position of the d orbitals with respect to the Fermi level of the metal (horizontal 
arrow in Figure 1.1).1 As the d orbitals change in energy relative to the Fermi level, the binding 
strength of the adsorbate to the metal will change due to the higher or lower occupancy of anti-
bonding states. This relationship was first experimentally verified using X-ray spectroscopies,3 
and d band theory has been instrumental in explaining trends in catalytic reactivity between 
different metal surfaces.1, 14 
The well-known Sabatier principle 
states that the maximum catalytic rate for a 
reaction is achieved on catalysts with 
adsorbate binding energies for the reactant 
molecules that are neither especially high 
nor low.15 A qualitative explanation of this is 
that the catalyst surface must bind the 
molecule strongly enough to make the initial 
adsorption occur rapidly, but it must not 
stabilize the bound molecule so much that it 
slows the conversion and release of that 
molecule after binding. This principal is quantitatively described by volcano plots that correlate 
catalyst performance for a reaction against a thermodynamic descriptor, which is typically related 
to the binding energy of adsorbed intermediates, as exemplified in Figure 1.2, where the x-axis of 
Figure 1.2: Volcano plot showing the experimental turnover 
frequency (TOF) of several catalysts for nitrogen 
hydrogenation plotted as a function of simulated nitrogen 
binding energies for those catalysts. Reprinted from 
Catalysis Letters, the electronic structure effect in 
heterogeneous catalysis, 100 (3-4), 2005, 111-114 Nilsson, 
A.; Pettersson, L. G. M.; Hammer, B.; Bligaard, T.; 
Christensen, C. H.; Norskov, J. K. © Springer 
Science+Business Media, Inc. 2005 With permission  of 
Springer. 
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the volcano plot is the binding energy of N2 
to the metal surface.3 The example shown 
here is a kinetic volcano plot because the 
turnover frequency (TOF) of each catalyst 
is the chosen performance metric, but 
thermodynamic volcano plots have also 
been reported that represent overall 
reaction energy as a function of binding 
energy.16 In either case, we see the Sabatier 
principle reflected by the maximum 
performance being achieved at an 
intermediate binding energy and activity 
decreasing as the potential deviates from the optimum. 
Although volcano plots imply that the optimum performance for each catalytic reaction is 
a thermodynamic limit unlikely to be exceeded, such plots have been used in conjunction with 
molecular modelling both to explain reactivity trends of metal catalysts17-20 and to attempt 
discovery of new catalysts for small molecule reactions.14, 21, 22 In these studies, a microkinetic 
model must be developed that includes the intermediate steps that make up the overall reaction. 
Molecular simulations can then be used to derive the energies of intermediates bound to a variety 
of catalyst surfaces.23 These binding energies are used in the model to calculate the reaction 
energies of each step and predict both the thermodynamic and kinetic performance of different 
catalysts. These values are used to construct a volcano plot similar to the one shown in Figure 1.3 
for the production of methane from syngas, CO, and H.1 The example in Figure 1.3, includes the 
Figure 1.3: A two-dimensional volcano plot showing the 
experimental turnover frequency (TOF) of several catalysts for 
methane production from syngas plotted as a function of 
simulated carbon and oxygen binding energies of those 
catalysts. Used with permission from Norskov, J. K.; Abild-
Pedersen, F.; Studt, F.; Bligaard, T., Density functional theory 
in surface chemistry and catalysis. Proceedings of the National 
Academy of Sciences of the United States of America 2011, 108 
(3), 937-943. © 2011 National Academy of Sciences. 
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surface binding energies of both oxygen and carbon as independent axes, as the breaking of the 
CO bond leads to C and OH intermediates bound to the surface. The black crosses on Figure 1.3 
represent catalysts that had previously been tested as catalysts for methanation. In good agreement 
with the predictions of this plot, Ru and Co have the highest activity of these catalysts. However, 
based on these calculations, Ni3Fe was identified as having potential to be a high activity catalyst 
that cost significantly less than Ru or Co, a prediction that was later experimentally verified.14, 24 
Ni-Fe catalysts have gained popularity since that time,25 and this example highlights how in silico 
studies can aid experimentalists in discovery of design principles to optimize catalyst performance. 
Unfortunately, the ability of simulations to accurately predict catalyst performance is marginally 
worse for reactions involving larger molecules, competitive reaction pathways, or more complex 
catalyst structures.1 Even so, the theory that has been developed so far is invaluable in guiding 
efforts by experimentalists to better understand surface reactivity of heterogeneous catalysts to 
improve the design of new generations of catalytic materials. 
1.3 The Oxygen Evolution and Oxygen Reduction Reactions 
1.3.1 Oxygen catalysis for energy storage and generation 
Oxygen catalysis is central to the integration of proton exchange membrane fuel cells into 
the renewable energy storage landscape.26 Proton exchange membrane fuel cells operate by driving 
electrons through an external circuit using the electric potential difference generated between 
electrodes performing the hydrogen oxidation reaction at an anode and the oxygen reduction 
reaction (ORR) at a cathode, as shown schematically in Figure 1.4A. The theoretical cell potential 
(Ecell) at standard conditions for a cell using these reactions is 1.23 V, based on the difference 
between the standard reduction potentials (E0) for the anodic and cathodic reactions. Figure 1.4B 
shows a schematic of an overall water-splitting cell used to photoelectrochemically perform both 
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the hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER) using holes and 
electrons generated by illumination of a semiconductor. Overall water splitting to hydrogen and 
oxygen to generate fuel using only solar energy is an extremely attractive technology because it 
would provide a renewable sink for energy storage.26, 27 Despite ongoing research since the first 
demonstration of photoelectrochemical water splitting in the 1970s,28 challenges still remain to 
broad implementation of these technologies.  
A fully water-based energy cycle is desirable because water is abundant and 
environmentally benign, but this is challenging because the oxygen half-cell reactions are far more 
energetically difficult than the hydrogen half-cell reactions.29 Interconversion between water and 
oxygen is a difficult four electron transfer that is only made possible through the formation of 
surface intermediates that lower the activation barriers for each step.16 So far, the best ORR and 
OER catalysts are based on noble metals, making them too expensive for broad adoption.26, 30 This 
has led to a search for robust and inexpensive catalysts that perform either the ORR or the OER 
efficiently, as catalysts that meet all three of these criteria remain elusive.31-34 While theoretical 
studies can identify many candidate materials for screening,35 many of these catalysts 
underperform with respect to their predicted activity or are too unstable to survive the harsh 
Figure 1.4: (A) A schematic diagram of a proton exchange membrane fuel cell with the proton exchange membrane 
in yellow and the electrocatalysts for the hydrogen oxidation reaction and the oxygen reduction reaction in light gray. 
(B) A schematic diagram of an overall water splitting solar cell is depicted with a light collecting semiconductor in 
dark gray and electrocatalysts for the hydrogen evolution reaction and the oxygen evolution reaction in light gray. 
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conditions needed to facilitate efficient 
catalysis.34 A mechanistic understanding of 
the surface chemistry of oxygen adsorbed 
to ORR and OER catalysts can help 
understand the challenges that limit 
catalyst performance and guide new 
strategies to overcome those challenges to 
create higher performing catalytic 
materials.  
1.3.2 Oxygen reduction reaction 
The four-electron reduction of 
oxygen to water on metallic surfaces 
generally occurs through a three step reaction mechanism.30 In the first step, oxygen adsorption at 
an open surface site occurs simultaneously with a proton coupled electron transfer to form an 
adsorbed peroxo species (eq. 1.1).16, 29 A second proton-coupled electron transfer then initiates 
cleavage of the oxygen–oxygen bond to form adsorbed hydroxyls (eq. 1.2). In the final step, 
proton-coupled electron transfers convert the adsorbed hydroxyls to water molecules, causing 
desorption (eq. 1.3). 
 𝑂2 + 𝐻
+ + 𝑒− ⇄ 𝑂𝑂𝐻𝑎𝑑𝑠 Equation 1.1 
 𝑂𝑂𝐻𝑎𝑑𝑠 + 𝐻
+ + 𝑒− ⇄ 2𝑂𝐻𝑎𝑑𝑠 Equation 1.2 
 𝑂𝐻𝑎𝑑𝑠 + 𝐻
+ + 𝑒− ⇄ 𝐻2𝑂 Equation 1.3 
 The binding energy of oxygen (ΔG(Oads)) to the surface is the only descriptor needed to 
calculate the thermodynamic volcano plot for the ORR shown in Figure 1.5.16 The green line 
Figure 1.5: Thermodynamic volcano plot for the oxygen 
reduction reaction derived from first principles. The reactions 
from equations (1.1), (1.2), and (1.3) are plotted in green, cyan, 
and blue, respectively. Each reaction is bolded where it 
represents the potential determining step. Reprinted from 
Journal of Electroanalytical Chemistry, 660, M. T. M Koper, 
Thermodynamic theory of multi-electron transfer reactions: 
Implications for electrocatalysis. 254-260. Copyright 2011 with 
permission from Elsevier. 
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indicates the potential of the adsorption step as a function of ΔG(Oads), and the blue line indicates 
the potential of the desorption step. Because the potentials of both of these steps change as a 
function of ΔG(Oads), this is known as a scaling relationship. Each line is bolded where that step 
limits the potential of the overall reaction, so the peak of this plot indicates optimal thermodynamic 
performance for the overall ORR. Even at peak performance, this surface catalytic reaction is 
predicted occur at a half-cell potential close to 0.8 V. This implies that to drive this reaction at any 
nonzero current density, an overpotential of 0.4 V must be applied on top of what is predicted 
according to Butler–Volmer electron transfer models.36 In practice, this translates to approximately 
one third of the energy of a hydrogen-oxygen fuel cell being lost to drive this reaction. This value 
is close to experimentally observed overpotentials for the ORR on Pt.37 Any new heterogeneous 
catalyst that could break the scaling relationship between the adsorption and desorption steps 
would be an exciting development, as it would indicate that there are ways to circumvent these 
thermodynamic limitations on the performance of heterogeneous catalysts. 
1.3.3 Oxygen evolution reaction 
Most of the energy losses in water splitting are a result from the energy needed to drive the 
OER.  Similar to the ORR, the OER reaction is a four electron process that must proceed through 
multiple elementary steps. Typical catalysts for this reaction are metal oxides that exhibit a general 
mechanism slightly different from a simple reversal of the ORR on metal catalysts.16 In the first 
step of the OER, water dissociatively adsorbs to a surface site on the metal oxide to form an 
adsorbed hydroxyl species (eq. 1.4). This hydroxyl is then further oxidized to form an Oads species 
(eq. 1.5), which can then react with water to form an adsorbed peroxo species (eq. 1.6). In the final 
step of this reaction, the adsorbed peroxo species is oxidized to molecular oxygen, which desorbs 
from the catalyst surface (eq. 1.7). 
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 𝐻2𝑂 ⇄ 𝑂𝐻𝑎𝑑𝑠 + 𝐻
+ + 𝑒− Equation 1.4 
 𝑂𝐻𝑎𝑑𝑠 ⇄ 𝑂𝑎𝑑𝑠 + 𝐻
+ + 𝑒− Equation 1.5 
 𝐻2𝑂 + 𝑂𝑎𝑑𝑠 ⇄ 𝑂𝑂𝐻𝑎𝑑𝑠 + 𝐻
+ + 𝑒− Equation 1.6 
 𝑂𝑂𝐻𝑎𝑑𝑠 ⇄ 𝑂2 +𝐻
+ + 𝑒− Equation 1.7 
As in the case of the ORR, the thermodynamics of these elementary steps can be calculated 
using ΔG(Oads) as the only necessary descriptor.16 Figure 1.6 shows the thermodynamic volcano 
plot calculated for the OER using the steps 
shown in equations 1.4–1.7, with the 
potential determining steps again bolded for 
clarity. The volcano appears inverted in this 
case due to the convention of reductions as 
the forward reaction, so in this case, the 
minimum of the volcano represents the 
optimal potential for a heterogeneous 
catalyst performing the oxygen evolution 
reaction. This volcano plot again shows that 
even the optimal catalyst for this reaction 
would require an overpotential of over 0.3 V. Combined with the predictions of the ORR volcano 
plot, this means that less than 50% of the energy put into generation of oxygen is extracted when 
using using fuel cells. There is a huge opportunity to improve the efficiency of this system, but it 
will require new techniques capable of circumventing the thermodynamic barriers imposed by 
scaling relationships.  
 
Figure 1.6: Thermodynamic volcano plot for the oxygen 
reduction reaction derived from first principles. The reactions 
from equations (1.4), (1.5), (1.6), and (1.7) are plotted in cyan, 
blue, green, and black, respectively. Each reaction is bolded 
where it represents the potential determining step. Reprinted 
from Journal of Electroanalytical Chemistry, 660, M. T. M 
Koper, Thermodynamic theory of multi-electron transfer 
reactions: Implications for electrocatalysis. 254-260. Copyright 
2011 with permission from Elsevier. 
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1.4 Surface Interrogation Scanning Electrochemical Microscopy 
Despite the proliferation of simulations predicting catalyst performance by calculating the 
energetics of adsorbed species on catalyst surfaces, experimental techniques to directly verify the 
impact surface structure has on reactivity still lag behind. Recently, the surface interrogation mode 
of scanning electrochemical microscopy (SI-SECM) was introduced specifically for the detection 
of adsorbed intermediates on operating electrocatalyst surfaces.38 SI-SECM is a redox titration that 
is performed in two steps using coaligned microelectrodes, as shown in Figure 1.7. In the first step, 
a potential step is applied to a substrate electrode to drive a faradaic process that populates the 
catalyst surface with reactive adsorbed 
species. Once the first step finishes, the 
substrate is held at open circuit while a 
tip electrode positioned near the 
substrate is biased to generate titrant in 
situ from a redox mediator in solution. 
Bimolecular reactions between the 
titrant and the adsorbed species 
regenerate the original mediator, which 
effectively increases the flux of the 
mediator to the tip electrode and creates 
a positive feedback cycle that increases 
the current measured by the tip 
electrode. By subtracting a background tip current measurement, the interrogation current can be 
isolated, after which it can be integrated to get the total interrogated charge. This charge gives a 
Figure 1.7: Schematic of the two steps of SI-SECM. In step 1, the 
substrate biased to generate reactive adsorbed species on the 
substrate surface. In step 2, the tip electrolyzes a mediator in 
solution to generate a titrant that reacts with the reactive adsorbates 
to produce positive feedback at the tip electrode. Adapted with 
permission from Rodríguez-López, J.; Alpuche-Avilés, M. A.; 
Bard, A. J., Journal of the American Chemical Society 2008, 130 
(50), 16985-16995. Copyright 2008 American Chemical Society. 
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quantitative measurement of the surface coverage of reactive species adsorbed to the substrate 
following catalysis. Additionally, the kinetics of the bimolecular reaction at the substrate can be 
extracted by fitting the observed current transient to finite element simulations of the tip and 
substrate geometry.39 SI-SECM is unique in its ability to directly quantify both the coverage and 
reactivity of adsorbed intermediates in situ, and it makes a powerful complement to other modes 
of scanning electrochemical microscopy (SECM) for probing reactive mechanisms at operating 
catalyst interfaces. 
While proof-of-concept SI-SECM experiments studied the formation of stable oxides on 
noble metals,38, 39 SI-SECM has since been used to characterize a wide variety of systems. By 
selecting appropriate titrants, these titrations can be used to detect many intermediates of 
electrocatalytic reactions can be detected, such as Hads formed during formic acid decomposition.
40 
SI-SECM has also been used to detect hydroxyl radicals photoelectrochemically generated on TiO2 
during the OER.41 Going beyond only detecting adsorbed intermediates, this technique can 
facilitate reaction conditions that are difficult to obtain in bulk, to demonstrate usual reaction 
mechanisms such as with the surface catalyzed reaction of COads with Br2.
42 Although surface 
interrogations were initially developed specifically to detect reactive intermediates, this technique 
is extremely versatile and can be innovatively employed to study surface chemistry. 
SI-SECM is a powerful tool for directly accessing surface chemistry, but the first 
demonstrations of this technique were limited in their applicability because of the necessity of an 
ultramicroelectrode-ultramicroelectrode geometry as depicted in Figure 1.7. This is not a 
fundamental limitation of SI-SECM, but rather a result of open circuit positive feedback generated 
by bipolar reactions occurring on conductive surfaces much larger than the size of the tip.43-45 
Eliminating open circuit feedback would allow surface interrogations to be used on surfaces that 
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are much larger than the tip electrode. Interrogations on extended surfaces would not only enable 
interrogations on materials not amenable to microelectrode fabrication, but it would also allow 
interrogations to study reactive heterogeneity that develops as a result of heterogeneity on catalyst 
surfaces. Ultimately, this may lead to the development of SI-SECM as an imaging technique 
capable of characterizing local surface chemistry across a substrate to correlate with 
electrochemical activity measured using other modes of SECM. Integration of this sensitive 
technique into multimodal SECM approaches to characterization of catalytic and photocatalytic 
processes will allow researchers to elucidate how structure impacts catalyst function at the micro- 
and nano-scale. 
1.5 Conclusions 
Heterogeneous catalysts enable many societally important chemistries, and their operation 
depends on the formation of surface species to lower activation barriers and improve catalytic 
rates. The reactivity of the surface species plays a large role in determining the performance of the 
catalyst, as this determines the kinetic barriers to catalysis. For this reason, volcano plots that use 
adsorption energies of molecular species as descriptors of adsorbate reactivity have become useful 
tools for to predict the performance of new bulk metal catalysts by extracting their descriptor 
values from simulations. However, it is prohibitively computationally expensive to get 
comparatively useful information from simulations for metal oxides and other semiconducting 
catalysts, so experimental tools play a large role in expanding knowledge about the reactivity of 
adsorbates. For the ORR and the OER, volcano plots predict a large overpotential that represents 
a significant loss of energy in these reactions, a prediction that is backed up by experimental 
findings. The overpotential results from scaling energy relationships between the adsorption and 
desorption steps in both catalytic cycles. So, if the scaling relationships that lie behind the 
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overpotential can be broken, a huge improvement in performance of oxygen catalysts will be 
possible. To do this, it is necessary to understand how local structure of catalyst surfaces impacts 
the reactivity of adsorbed species. SI-SECM is a powerful tool for directly measuring the reactivity 
and coverage of adsorbed catalytic intermediates in situ. Using SI-SECM, the surface chemistry 
of heterogeneous catalysts can be better understood to aid the rational design of new catalytic 
materials. 
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CHAPTER 2: EMERGING TECHNIQUES FOR THE IN SITU ANALYSIS OF 
REACTION INTERMEDIATES ON PHOTO-ELECTROCHEMICAL INTERFACES1 
2.1 Abstract 
In heterogeneous catalysis, adsorbed intermediates enable multi-step reaction pathways for 
otherwise energetically difficult chemical transformations. Understanding how catalyst surfaces 
impact the formation and reactivity of these adsorbed species is crucial to the rational design of 
new materials and structures. Recently, electrochemical imaging and redox nanotitrations based 
on scanning electrochemical microscopy have allowed us to explore how substrate–adsorbate 
interactions can locally change the reactivity of adsorbed intermediates. Our titrations track the 
formation of multiple analytes simultaneously to produce a snapshot of the complex environment 
at the semiconductor–electrolyte interface.  Alongside these techniques, we developed a novel 
platform to dynamically study many surface configurations of a single catalyst to study how 
surface structure determines adsorbate reactivity. By leveraging our electroanalytical techniques, 
we are providing powerful in situ measurements of reactivity to develop a mechanistic 
understanding of heterogeneous catalysis and inform catalyst design. 
2.2 Introduction 
   Photo-assisted electron transfer at the semiconductor-electrolyte interface starts with the 
rapid photophysics of light absorption but it is only enabled by temporally-, energetically- and 
spatially- distributed surface processes.1-3 The chemistry at photoactive surfaces, as in many 
heterogeneous catalytic systems, depends on surface intermediates.4-6 For instance, electrocatalytic 
metals and metal oxides generate species which lower the activation barriers for multi-electron 
reactions,6 such as in small organic molecule oxidations7, 8 and the water splitting reaction. 5, 9 
Photoactive and photoelectrocatalytic (PEC) surfaces are of special interest because the driving 
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force for chemical processes comes from absorbed light. Absorption of light generates 
photogenerated charge carriers, such as the hole (h+) and the electron (e-), which eventually 
interact with the medium to form reactive oxygen species (ROS) in aqueous electrolytes. These 
intermediates interact with surface features and deposited (electro)catalysts to further decrease the 
activation energy of a reaction. 2, 10-13  
 The prospects of converting light and electrical energy into chemical energy has produced 
a wealth of literature dedicated to photocatalyst chemistry. These studies include reactions for 
splitting water into oxygen and hydrogen gases,14, 15 photo-initiated polymerization reactions,16 the 
modification of surface properties such as wetting and self-cleaning,17, 18 and the 
photodecomposition of many organic19-21 and inorganic compounds. 22 Clearly, elucidating PEC 
dynamics in detail is implicit in the societal importance of their applications: environmental 
remediation,21, 23-26 surface engineering and functional surfaces,3, 17, 23, 27-30 and fuel and chemical 
synthesis,11, 16, 19, 23 including approaches to solar energy conversion.1, 31-33    
 The complex chemical environment at the semiconductor-electrolyte interface presents 
significant challenges for understanding reaction mechanisms. Both ROS and “trapped” charge 
carriers are chemically active during a series of events that evolve over time.2 Thus, detecting and 
differentiating the reactivity of each species is critical to understanding its mechanisms and 
enhancing their reactivity for a given purpose.3, 34 For instance, photoanodic oxidations of 
pollutants in solution via ROS could yield different products from those generated by direct 
decomposition via holes. The creation of mid-bandgap states by using strategies designed to align 
the material to the solar spectrum can change the fraction of ROS generated,35 Likewise, the advent 
of new concepts based on plasmonics 36 – hot carrier generation,37 emerging materials interactions 
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based on hetero-interfaces,38 and spillover from metal and metal oxide deposits,12 make the task 
of understanding reaction mechanisms a modern endeavour. Fundamental questions are emerging 
concerning how these materials discoveries modify the identity, reactivities, and surface coverage 
and dynamics of intermediates at novel PEC interfaces.  
 Mechanisms of charge transfer at the PEC interface can broadly be divided into direct or 
indirect routes, and their fates are summarized in Figure 2.1. Direct charge transfers occur when a 
free or trapped charge carrier tunnels directly to a solution phase molecule.10 Indirect charge 
transfers happens through a photogenerated surface chemical intermediate. In aqueous PEC 
systems, commonly proposed reactive surface groups include hydroxyl radicals (•OH), peroxo 
groups (OO), and hydroperoxo groups (OOH).3 These ROS have been implicated in many 
processes, especially those occurring in ambient conditions.21 In contrast, direct mechanisms are 
often studied under vacuum conditions, although the chemical nature of trapped holes is not an 
entirely settled subject.39 Better understanding of the PEC interface will require measurements that 
unambiguously identify species. 
Figure 2.1: The TiO2/water exemplifies the many processes occurring simultaneously at the semiconductor/electrolyte 
interface, each with a characteristic time scale. 
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 A common referent for exploring the electrochemistry of surface-bound species is the use 
of current-potential experiments. Voltammetry for instance, provides detailed information about 
intermediate formation on metal electrodes, including the formation of hydrides, oxides, and many 
other carbon-containing molecules. On noble metal electrodes, these intermediates show well-
defined voltammetric waves that allow experimenters to estimate details of their surface coverages 
and predominance under different reaction conditions.40 However, for a great majority of doped 
semiconductor electrodes, the constraints imposed by the concentration and type of dopants, as 
well as their different behaviour in the dark versus illuminated conditions   significantly obscure 
their voltammetric response.2 Photocurrent transients can often provide information about the fate 
of some intermediates, but in general, current-time and current-potential techniques have limited 
information to offer regarding mechanistic electrochemistry at the PEC interface.  
 A desirable analytical method for studying the PEC interface would provide high spatial 
and temporal resolution, as well as the capability of analysing the material in its operating medium. 
Surface photochemical processes span a wide range of time scales, thus leading to instrumental 
challenges.41 Some processes, such as charge carrier generation, occur within femtoseconds, while 
charge transfers across the interface may show characteristic times lasting several microseconds.3 
Spatial heterogeneities may result from processes occurring on surface features on the nanometer 
scale, but may eventually impact reactivity on the micron scale or larger. Analytical techniques 
need to either simultaneously address a range of length and time scales spanning several orders of 
magnitude or must be flexible enough to adapt to many scales. In situ techniques are ideal for 
studying surface intermediates in the medium in which they are formed. By measuring under native 
conditions, we avoid extrapolation from conditions that bear little relevance to the operation 
medium, as is a common concern in studies performed in ultra-high vacuum (UHV). Despite the 
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amount of work done on photoelectrochemical interfaces, we still lack a technique that fulfils all 
of the criteria for species selectivity, and time and space resolution, but new methods or their 
combinations will continue to develop our working understanding of PEC systems.  
 In this review, we will focus on techniques that have been employed to produce our current 
understanding of the PEC interface, as well as those emerging techniques that are finding an 
application.3 Intermediate species identity is always of primary importance, but is often the most 
difficult to directly determine. After this, the reactivity of the intermediates is especially useful for 
elucidating mechanisms. In addition, understanding the distributions of surface species in space 
and time is critical for correlating performance with material properties. Typically, gathering all 
this information requires data from multiple techniques. We will cite examples of measurements 
related to water splitting on wide-bandgap semiconductors such as TiO2 and SrTiO3 in order to 
maximize the consistency and comparisons between techniques. At the cutting edge, we will 
highlight techniques yet to be used at PEC interfaces that we believe represent the future of this 
field. 
2.3 Spectroscopic Methods 
2.3.1 Electron paramagnetic resonance 
 Electron paramagnetic resonance (EPR) was the first technique used to identify reactive 
intermediates at a PEC interface.42 EPR detects the energy level splitting of unpaired electrons in 
an applied magnetic field by exciting transitions between electronic spin states. This is often used 
to detect the unpaired electrons present in radical species. This was initially used to confirm the 
proposed mechanism for photocatalytic decomposition of carboxylic acids by TiO2, which 
involved radicals similar to those in a Kolbe reaction.43, 44 On platinized TiO2 particles, this “photo-
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Kolbe” reaction was initiated using UV 
light, generating carbon radicals that were 
directly identified.45 
 EPR experiments often use spin 
trapping reagents to detect short-lived 
intermediates. These spin traps react with 
intermediate radicals to form stable radical 
species that accumulate in high enough concentration for detection. Although these probes were 
used to provide early evidence for the formation of •OH and HO2• during water decomposition on 
platinized TiO2 particles, identification of the trapped radical is not always straightforward.
46 More 
recent work comparing results from spin trapping methods with fluorescence techniques indicated 
photogenerated holes may oxidize the spin traps, thus rendering them less effective for 
Figure 2.2: (A) Raman spectra of TiO2 particles 
supported on a carbon aerogel (CA) showing 
formation of surface H2O2 during the oxygen 
reduction reaction. Reprinted with permission from Y. 
N. Jin, G. H. Zhao, M. F. Wu, Y. Z. Lei, M. F. Li and 
X. P. Jin, Journal of Physical Chemistry C, 2011, 115, 
9917-9925. Copyright 2011 American Chemical 
Society. (B) Sequential X-ray absorption spectra of a 
sample of Nb doped SrTiO3 with Mn-oxide 
nanoparticles used as co-catalysts. UV photo-
irradiation under +1.0 V potential shifts the peak at 
6556.9 eV to 6559.6 eV, indicating conversion of 
Mn3+ to Mn4+ by the migration of photoexcited holes 
from the SrTiO3 to the Mn-oxide. The appearance of 
the low energy peak at 6550.9 eV that gradually grows 
with irradiation time indicates that UV light induced 
some of the Mn3+ to change to Mn2+. Reproduced from 
M. Yoshida, T. Yomogida, T. Mineo, K. Nitta, K. 
Kato, T. Masuda, H. Nitani, H. Abe, S. Takakusagi, T. 
Uruga, K. Asakura, K. Uosaki and H. Kondoh, 
Chemical Communications, 2013, 49, 7848-7850 with 
permission of The Royal Society of Chemistry. (C) 
Absorbance spectra of charge carriers detected using 
TAS. Reprinted with permission from T. Yoshihara, 
R. Katoh, A. Furube, Y. Tamaki, M. Murai, K. Hara, 
S. Murata, H. Arakawa and M. Tachiya, Journal of 
Physical Chemistry B, 2004, 108, 3817-3823. 
Copyright 2004 American Chemical Society. 
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distinguishing mechanistic pathways.47 Highly reactive surface species will rarely be present in 
sufficiently high volumetric concentrations for EPR detection, making spin traps necessary. This 
eliminates much of the chemical information normally encoded within an EPR spectrum. While 
EPR imaging techniques are under development, currently EPR lacks the sufficient spatial 
resolution to probe sub-mm features,48, 49 limiting its application to homogeneous samples. EPR 
can be coupled to electron microscopy to understand connections between structure and 
mechanisms, however this does not spatially resolve its signal.50 Development of a super- 
resolution EPR technique would be a very exciting development, but this still seems to be beyond 
the horizon. 
2.3.2 Vibrational spectroscopies 
 Infrared (IR) and Raman spectroscopies provide detailed chemical information because 
they generate signals by exciting vibrational modes of chemical bonds. While application of IR 
spectroscopy is typically obscured in aqueous systems by the strong IR absorption of water, 
multiple internal reflectance IR, allows in situ spectroscopy of PEC surfaces.51 In this 
configuration, the photocatalyst is deposited on top of a prism on which a laser is reflected multiple 
times. This effectively increases the path length through the sample and avoids illumination 
through water. Nakamura, et al. used this configuration to study photocatalytic water oxidation on 
nanocrystalline rutile TiO2 and observed the formation of bridging surface peroxo species Ti-O-
O-Ti at 812 cm-1 under alkaline conditions, but  observed the presence of a surface bound 
hydroperoxo species TiOOH at 838 cm-1 under acidic conditions.51 They used this information to 
support an oxygen evolution mechanism where a bridging peroxo group is formed on the surface, 
which then undergoes acid-catalysed hydrolysis into a hydroperoxo and hydroxyl groups. This 
direct chemical information is clearly invaluable in better understanding mechanisms. 
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 Because Raman spectroscopy relies on a wavelength shift from Stokes scattering, signal 
degradation can be minimized through proper excitation wavelength selection. Raman 
spectroscopy is often used in situ to identify intermediates on several classes of catalysts.52-54 It 
has been used to detect the presence of many species known to participate in water splitting, 
including surface peroxides.55 Recently, this was employed to detect the intermediate Ti-peroxide 
species formed during photoelectrocatalytic aqueous oxygen reduction. Figure 2.2A shows this 
analysis on carbon aerogel supported nanocrystalline films of TiO2.
56 The presence of surface 
peroxides suggested a mechanism of Rhodamine 6G degradation in which surface H2O2 was 
formed electrochemically, then photo oxidized by holes to produce •OOH and eventually •OH. 
Raman is a useful technique for the detection of O-H bonds that might be obscured in other 
spectroscopies by the presence of water.  
 IR and Raman spectroscopies exceed all other techniques available in their ability to 
provide chemical information about intermediate species. Not only do they identify specific bonds, 
they also provide details about the chemical environment near those bonds.54 Understanding the 
influence of heterogeneities and defects on the spatial distribution of surface species is of primary 
concern. Light can only be focused to a wavelength-dependent spot size described by the Abbe 
diffraction limit (𝑑 ≡ 𝜆 2𝑛 sin 𝜃⁄ ). Spatial resolution is limited to this spot size when using 
traditional measurement schemes, so none of these techniques really probe the effects of nanoscale 
heterogeneities.  
 Breaking the diffraction limit using super- resolution techniques should help answer 
questions regarding localized effects. Recent work with near-field scanning optical microscopy 
(NSOM) overcomes the diffraction limit on many surfaces57 and may be broadly adapted to 
vibrational spectroscopy on photocatalytic systems.58 Tip or surface enhanced Raman 
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spectroscopy (TERS/SERS) rely on large local electric field enhancements from metal 
nanostructures to improve sensitivity of Raman signals.36, 59, 60 Using SERS, the activity of single 
nanoparticles can be monitored, although experiments reaching this level of sensitivity have relied 
on both surface enhancement and a reactant species that provided strong Raman resonance effect.36  
TERS uses a metal tip to give super-resolution images of Raman signals from individual 
adsorbates 61 and surface states.62 Single molecules can be probed with TERS, which allows 
addressing of charge transfer events occurring at individual sites.61 The addition of these 
sophisticated methods pushes toward probing individual catalytic sites for chemical identity, 
certainly a desirable capability for investigating PEC mechanisms.  
2.3.3 X-ray techniques 
 X-ray based techniques are ubiquitous in the field of materials characterization because 
they provide structural or chemical information. However, many X-ray techniques lack surface 
sensitivity because X-rays penetrate too deeply into materials to separate surface and bulk 
contributions. X-ray photoelectron spectroscopy (XPS) overcomes this by looking at core 
electrons ejected from atoms under X-ray illumination. Electrons interact strongly with matter, so 
only electrons ejected from atoms less than 10 nanometers from the surface are typically 
detected.63 The ejected electrons have energies characteristic of the orbital from which they were 
ejected, so XPS is most commonly used in the study of PEC materials to identify atomic species 
present near the surface.64, 65 It has been used to follow the formation and healing of oxygen 
vacancies sites on TiO2 to study the binding of O2 on the surface.
66 Although XPS is a powerful 
technique, it is typically limited to UHV conditions because electrons interact too strongly with 
matter to be detected through a solution. Under carefully controlled conditions, it is possible 
however to obtain information about chemical speciation after photochemistry. Ohtsu et al. used a 
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proxy in situ method via a transfer line approach for minimizing the adsorption of atmospheric 
gases on samples of TiO2 produced through electrochemical anodization.
67 Their results pointed 
out to the removal of carbon contaminations and the formation of surface hydroxyl species 
exclusively after UV irradiation. Although strictly lacking an electrolytic medium, these studies 
are important for understanding the properties of functional surfaces and the observed super-
hydrophilicity in wide-bandgap semiconductors 28, 68  
 A recent explosion of ambient pressure XPS for the study of solids has been driven by the 
development of better optical elements for both electrons and X-rays, and further advances might 
allow in situ observation of surface intermediates by XPS.63 At present, ambient pressure XPS 
measurements easily identify surface species generated during catalytic reaction at gas/solid 
interfaces.69, 70  These measurements can detect species often implicated in PEC mechanisms, such 
as surface hydroxyls.71 In situ imaging of changing cerium oxidation state distributions in 
electrochemical systems has even been performed for solid oxide fuel cells.72 Conceivably, a 
similar technique could reveal changing adsorbate coverages on a photoelectrocatalyst surface if 
XPS at the solid/liquid interface could be achieved, but this leap has yet to be made.  
 While lacking the surface sensitivity of XPS, X-ray absorption spectroscopy (XAS) is 
rising as a versatile tool for understanding electrochemical reactivity. In particular for manganese 
oxide deposits on Nb-doped SrTiO3 photoanodes, Yoshida et al. have shown the possibility of 
observing photogenerated hole transfers from the bulk of the SrTiO3 electrode to Mn oxide surface 
films and deposits. This was performed by observing Mn K-edge signals from the surface 
features.73 By examining the changes in oxidation states as obtained by shifts in the absorption 
energies, their experiment showed that thin films exhibited uniform displacements throughout the 
film, but that in the case of nano-deposits, two populations of Mn species, reduced and oxidized, 
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co-existed on the surface. XAS thus provides indirect information about the fates of charge 
carriers, their chemical transformation, and their localization. Other approaches to obtaining 
chemical speciation are available, such as the recently introduced Fixed Energy X-ray Absorption 
Voltammetry,74 which similarly uses XAS performed “in real time” as cyclic voltammetry is 
performed. This technique has been applied recently to determine the disproportionation of Ir 
species during the water oxidation reaction, and could be further applied to high surface area 
photocatalysts in the near future.    
2.3.4 Fluorescent probes 
 Most surface species found on PEC surfaces are not natively fluorescent, however, many 
of the formed ROS can activate chemiluminescence processes.75, 76 Cathodoluminescence has been 
used to understand the energies of charge carriers generated by excitation in mid-bandgap states.77 
However, recent developments using visible-light emitting probes are also shedding light on the 
formation of ROS on the surface and electrolyte layer near the surface of active materials.  By 
using probe molecules that are converted to a fluorescent form by reacting with specific 
intermediates, the formation of surface species can be quantified. Coumarin and terephthalic acid 
form fluorescent products by reaction with •OH and can be employed to quantify this species.78-80 
By comparing photocatalytic conversion efficiencies of non-adsorbing probe molecules with 
adsorbing probe molecules, fluorescence measurements recently showed evidence that anatase and 
rutile TiO2 structures produce •OH through different mechanisms.81, 82 Rutile TiO2 reacts 
preferentially with adsorbed species because it only forms surface bound •OH, while anatase TiO2 
produces the free form. An 80% anatase powder produced enough •OH to give a concentration of 
3.2 nM near the surface, while a 100% rutile powder released very little of it. This observation 
suggests that •OH formation on rutile requires a peroxy intermediate, but it does not on anatase.  
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 Fluorescence techniques have very low limits of detection, typically in the nanomolar 
range83. However, these measurements rely on external calibrations for quantification. As with 
spin trapping reagents in EPR, use of reactive fluorescent probes means that obtaining accurate 
chemical information relies on the selectivity of the probe. With the appropriate setup, 
fluorescence measurements can also achieve spatial resolution.82 Super-resolution imaging by 
following a single molecule has been used to track available reactive84 and adsorption85 sites on 
TiO2 nanoparticles. In these studies, the fluorescent probes were tailored derivatives of boron-
dipyrromethane that became fluorescent either upon adsorbing or reacting. This demonstrates one 
interesting strategy for gleaning more information from fluorescence, and highlights how chemical 
synthesis may play a key role in improving analytical utility of fluorescent probes. 
2.3.5 Transient spectroscopies 
 Spectroscopic techniques can probe the dynamics of charge carriers in PEC materials with 
time resolution in the femtosecond regime across several spectral bandwidths. Trapped electrons 
and holes absorb light in the visible and near-IR ranges, while free electrons absorb light in the IR 
and microwave ranges. This makes them suitable for observation by means of transient absorption 
spectroscopy (TAS), transient diffuse reflection, and time-resolved microwave conductivity 
measurements. These techniques monitor the generation of charge carriers on the fs scale, but can 
be extended to μs or ms to measure their decay due to recombination and charge transfer across 
the interface. Some of the earliest TAS experiments investigated the bulk trapping of charge 
carriers on TiO2 in the ps to ns regimes.
86 Later works focused on using transient spectroscopies 
to correlate the decay of charge carriers to reactivity with surface species and adsorbates,87-90 
carrier injection kinetics into co-catalysts,88, 91 influence of bias on recombination kinetics,92 and 
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even assign chemical identity of trapped charge carriers.93 Historically, transient spectroscopies 
contributed greatly to knowledge about the timescales relevant to PEC processes. 
 As of yet, transient spectroscopies have been limited to colloids and nanocrystalline films. 
Absorbance spectra of these carriers are typically broad and have spectral overlap, as shown in 
Figure 2.2C, so delays after pulsed excitation are used to differentiate species. This differs 
considerably from operating photocatalysts, where carriers accumulate, changing their 
recombination kinetics94 and their effective electrochemical potential at the semiconductor 
surface.95  
 As in the case of vibrational spectroscopies, recently NSOM has offered an alternative 
super-resolution platform capable of deploying ultrafast optical spectroscopy with nanoscale 
spatial resolution for tracking local charge carrier dynamics.96, 97 For PEC interfaces, most of the 
work has focused on studying behaviour of charge carriers in nanostructures. Work by Emiliani, 
et. al. used near-field femtosecond spectroscopy to directly observe photogenerated carrier 
transport in 50 nm wide GaAs nanowires.98 In this study, sections of wire up to 50 cm long were 
imaged with 200 nm resolution, and showed that although charge transport in the GaAs bulk was 
governed by holes, transport along the nanowires was primarily by electrons. These techniques 
present an opportunity to better understand carrier dynamics at heterogeneities in larger crystals.  
 
2.4 Scanned Probe Microscopy 
2.4.1 Scanning tunnelling microscopy 
 Scanning tunnelling microscopy (STM) measures tunnelling current at an applied bias 
between a conductive substrate and a small metal tip rastered above the substrate. It is sensitive to 
the local electronic structure, including perturbations generated by chemical species. Under UHV 
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conditions, atomically-resolved images can be produced, and is often used for ex situ evaluation 
of PEC materials.99 Much of this work has focused on where and how species adsorb to the surface. 
In one example shown in Figure 2.3A, adsorption of water on the TiO2 (110) surface was seen to 
occur at surface oxygen vacancies (site I in Figure 2.3A) when water vapor was introduced into 
the UHV environment.100, 101 Water decomposition formed bridging hydroxyls (site II in Figure 
2.3A) by dissociative adsorption. These experiments corrected misconceptions about ad-atom 
identities on these surfaces,102 but in situ measurements are needed to form a dynamic picture of 
reactivity at the interface. Ultimately, STM becomes more difficult to perform when removed from 
UHV, but STM helps identify how structural heterogeneities can impact surface reactivity. 
 Atomic resolution can be achieved with in situ STM,103 but STM on semiconductors can 
present other challenges. Controlling the tip-substrate bias conditions to a semiconductor is not an 
easy task. Surface defects can change nearby electronic structure, leading to difficulty 
understanding the meaning of images.4 There has even been debate as to whether oxygen or metal 
atoms on TiO2 are the darker sites in images, though this may be dependent on tip height. STM 
tips can remove surface oxygens as they scan, leaving vacancies in their wake. Despite this, in situ 
STM shows great utility because it can atomically resolve adsorbates, showing how they align on 
the surface.104 If STM could be effectively applied at an operating photocatalyst to do the same, it 
could provide excellent information about how adsorbates interact with photocatalytic sites.  
2.4.2 Atomic force microscopy 
 Atomic force microscopy (AFM) is another useful tool to relate structure and reactivity of 
PEC interfaces. Because AFM measures the force of interaction between the substrate and a tip, it 
primarily serves to image morphology of surfaces. Changes on the surface can be correlated to 
processes measured by other techniques. In one recent study on TiO2, shown in Figure 2.3B, AFM 
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was used to monitor roughening of single-
crystal rutile TiO2 during PEC water 
oxidation.105 Roughening induced a drop in 
the onset potential of water oxidation in 
acidic solutions, attributed to more 
thermodynamically favorable formation of 
peroxo species that would otherwise be 
hindered by lattice strain.  
  AFM is primarily a supporting 
technique for studying catalytic 
mechanisms, but recent advances have 
broadened its applications. Tip enhanced 
Raman Spectroscopy discussed in Section 
2.3.2 typically uses an AFM probe as the 
metal tip while simultaneously recording 
morphology information. In addition, AFM 
tips can be used to sense excitation of IR 
vibrational modes through the deflection of 
the tip.106 A Fourier transform of the tip 
deflection gives sub-wavelength spectral 
resolution, and the precise tip positioning gives excellent spatial resolution for chemical 
mapping.107 While this has only been demonstrated for biological or polymeric systems, it could 
be a future strategy for identifying intermediates generated at PEC interfaces. While STM and 
Figure 2.3: (A) STM image of TiO2 (110) showing Type I, II, 
and III defects attributed to lattice oxygen vacancies, bridging 
hydroxyl groups, and paired hydroxyls, respectively. Reprinted 
from Surface Science, 598, S. Wendt, R. Schaub, J. Matthiesen, 
E.K. Vestergaard, E. Wahlström, M.D. Rasmussen, P. 
Thostrup, L.M. Molina, E. Lægsgaard, I. Stensgaard, B. 
Hammer, F. Besenbacher, Oxygen vacancies on TiO2(110) and 
their interaction with H2O and O2: A combined high-resolution 
STM and DFT study, 226-245, Copyright 2005, with 
permission from Elsevier (B) AFM images and corresponding 
photocurrent-potential curves demonstrating the enhancement
of photocatalytic activity of rutile TiO2 caused by roughening 
during catalytic operation. Reprinted with permission from E. 
Tsuji, K. Fukui and A. Imanishi, Journal of Physical Chemistry 
C, 2014, 118, 5406-5413. Copyright 2014 American Chemical 
Society. 
35 
AFM provide the spatial resolution required for exploring the atomic aspects of surface 
photocatalysis, it seems that their implementation as stand-alone techniques for in situ analysis is 
challenging and it only offers limited information about reacting systems. However, as discussed 
in the previous sections, the coupling of AFM with other spectroscopic means of analysis such as 
TERS and NSOM promises to provide unprecedented detail in spatial resolution and chemical 
information for photogenerated surface intermediates, although the ultimate performance of these 
coupled techniques under dynamic conditions, i.e. during oxygen evolution, has yet to be tested.  
2.5 Electrochemical Characterization 
2.5.1 Transient photocurrent 
 Electrochemical techniques by nature are interfacial and can be applied to the native PEC 
system. Although details are often obscured in voltammetry at semiconductor-electrolyte interface, 
bulk electrochemical techniques can still provide information through kinetic analysis of current 
transients. These techniques provided some of the earliest information about mechanisms 
occurring at PEC interfaces. In one study shown in Figure 2.4A, Salvador studied the ratio of the 
steady state photocurrent to the anodic transient rising photocurrent (𝐼𝑝ℎ = 𝑖𝑠𝑡 𝑖𝑖𝑛⁄ ) to better 
characterize the formation of surface-bound H2O2 and •OH during basic photoelectrolysis on 
single crystal n-TiO2.
108 This study used a kinetic analysis that took into account the many involved 
reactions at the surface which described the transient behaviour of 𝐼𝑝ℎ. The resulting equations 
were then used to extract the potential-dependent surface coverage of both •OH and H2O2 as well 
as the rate constants for the included reactions. Limiting coverages for •OH and H2O2 were 
calculated to be 1013 and 1014 cm-2, respectively. Kinetic analysis of transient photocurrent 
provided an approach to quantifying the surface coverage and reactivity of intermediate species, 
but the method of detection was overall indirect. It also seemed too cumbersome to be used to 
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identify unknown intermediates and it cannot 
exclude the presence of side reactions. However, 
the importance of a technique that can quantify 
surface coverage in such a complex environment 
should not be discounted for well- established 
experimental systems such as TiO2.  
2.5.2 Electrochemical impedance spectroscopy 
 Electrochemical impedance spectroscopy 
(EIS) techniques model electrochemical cells as 
circuit elements composed of resistors and 
capacitors and measure these using an alternating 
current at different frequencies. Typically, 
interfacial charge transfer events act as resistors, 
while formation of the electrical double layer is the 
primary source of capacitance. By modelling how 
formation of surface intermediates influence both 
of these properties, surface species can be 
quantified and their effect on interfacial reactivity 
can be understood.109 This technique is widely used 
to study corrosion processes and identify the contributions of branching reaction mechanisms.110, 
111 As with measurement of transient photocurrents, the need to develop a detailed kinetic model 
of the system hinders application of EIS in systems where some paths are unknown. EIS is 
commonly employed to study the impact  of charge carrier transport and distribution properties on 
Figure 2.4: (A) Transient photoresponse of a n-TiO2 
single crystal in aqueous 1 M Na2SO4 (pH 11) to a 
square wave light pulse of band-gap light. Reprinted 
with permission from P. Salvador, Journal of Physical 
Chemistry, 1985, 89, 3863-3869. Copyright 1985 
American Chemical Society. (B) Current transients 
from single nanoparticle collisions include charging 
current, and an increase in the steady state current 
when particles stick to the UME after colliding 
(black), which does not occur in the absence of 
nanoparticles (blue). The inset transmission electron 
micrograph shows that the nanoparticles range from 2 
to 6 nm in diameter. Reprinted with permission from 
X. Y. Xiao and A. J. Bard, Journal of the American 
Chemical Society, 2007, 129, 9610-9612. Copyright 
2007 American Chemical Society. 
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PEC performance.112 EIS is often used to take Mott-Schottky measurements to determine dopant 
type and density by analysing the potential dependence of the interfacial capacitance.113 While it 
is less commonly employed to identify intermediates, many works have developed its use for this 
purpose. EIS can demonstrate when reactions proceed through one simple step versus multi-step 
mechanisms.114 When coupled to a thorough kinetic analysis, it can even be used to determine 
coverages of multiple intermediates from parallel reactions.115 The capability to sense changes 
from so many sources complicates use of EIS, as all of these contributions must be modelled as 
separate elements. Without supporting techniques or a solid theoretical foundation, EIS will not 
provide conclusive evidence for intermediate identification, especially in complex systems. 
However, its coupling to electrochemical microscopy (section 2.6) may yield localized information 
about surface adsorbates in situ.116 
2.5.3 Single nanoparticle amperometry 
 The use of single nanoparticle collisions at an ultramicroelectrode (UME) to study 
electrocatalytic reactions was first introduced in 2008 by the Bard group and applied first to proton 
and H2O2 reduction on platinum nanoparticles.
117 In these experiments, a catalytically inactive 
electrode in a colloidal suspension is biased to a potential able to activate the nanoparticles. As 
nanoparticles collide with the electrode, they create current spikes Faradaic catalytic enhancement, 
as well as double layer charging (Figure 2.4B).118 This technique has been used to study nanoscale 
kinetic enhancements,119 active site blocking by nonreactive adsorbates,120 and kinetic effects of 
active surface species.121  
 The use of nanoparticle collisions recently extended to PEC systems with experiments by 
Fernando et al. demonstrating transient currents of PEC methanol oxidation on anatase TiO2.
122 
Although this study focused on proof-of-concept, future works can use nanoparticle collisions to 
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better characterize PEC mechanisms. With a technique sensitive to individual nanoparticles, it can 
provide excellent information about how particle morphology influences surface species. 
Although it is only usable to characterize colloid suspensions, it helps us understand how 
nanoparticles adsorbed to a surface act individually, rather than as an ensemble. The main 
limitations on temporal resolution come from charging current of the nanoparticle, but this is 
primarily dependent on particle size and is an unavoidable physical limitation.117 No other 
technique thus far directly probes reactivity of single nanoparticles, so similar collision 
experiments could produce very interesting information in the near future. 
2.6 Scanning Electrochemical Microscopy 
2.6.1 Steady-state feedback and transient collection 
 Scanning electrochemical microscopy (SECM) techniques are ideal for studying 
heterogeneous catalysis because they combine the spatial resolution of scanned probe microscopy 
with the in situ operation of electrochemical techniques. As shown in Figure 2.5A, these techniques 
detect interfacial reactivity using probe molecules generated by an UME positioned near a 
substrate. Steady-state positive feedback measurements are used to characterize localized electron 
transfer rates at semiconductor surfaces,123 and even PEC processes,124, 125 but differentiating 
contributions from multiple reactive species is challenging.  
 Chemically selective electrodes allow indirect evidence to be gathered to build reaction 
mechanisms. TiO2 in oxygenated aqueous solutions can produce H2O2 either through reduction of 
oxygen or oxidation of water. Using a horseradish peroxidase modified UME, Sakai, et al. 
collected H2O2 above a photoelectrocatalytic surface with discrete oxidative and reductive 
domains.126 The reductive domain showed far less efficient formation of H2O2, providing evidence 
for the breakdown of H2O2 to •OH by photogenerated holes on the oxidative surface. More recent 
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collection experiments have replaced the traditional SECM tip with a fiber optic surrounded by a 
ring electrode.127 This allows localized delivery of light, so the origin of any collected products is 
known. Decoupling bulk properties from local properties should be useful for studying how 
surface features impact PEC mechanisms, but this has only been infrequently employed. While 
such experiments do not directly measure the presence of surface species, they can quantify 
product generation and help describe mechanisms. 
 Combinations of feedback and collection modes can be employed together. They provide 
spatial resolution only limited by the tip size and can resolve extremely fast kinetics.128, 129 
However, they have been useful only in some cases, such as measuring surface diffusion rates of 
species adsorbed to graphene.130 Increasing the spatial resolution of SECM to the nm level is an 
active area of research, and will permit to implement both feedback and collection schemes to 
evaluate the reactivity of individual surface features. 128,131 Still, in systems as complex as PEC 
interfaces, techniques specifically sensitive to adsorbed species are needed. 
2.6.2 Surface interrogation SECM 
 Recently, surface interrogation (SI-) SECM was introduced to quantify the absolute surface 
coverage of reactive surface species, thus providing a powerful addition to the identification 
capabilities that the methods discussed so far can provide. As shown in Figure 2.5B, this technique 
titrates in situ adsorbate species left after a catalytic step using a species generated 
electrochemically, and it can be applied under open circuit conditions and on free-standing 
samples. It was first demonstrated as a tool to quantify metal oxides formed on noble metal 
substrates during anodic operation in aqueous systems.132 SI-SECM detected the presence of 
“incipient oxides” on Au and Pt that are not accounted for in the oxide reduction peak recorded 
during voltammetry. Later SI-SECM experiments with this same system measured the bimolecular 
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rate constant for the reaction of several 
titrants with Pt oxides, facilitated by the use 
of simulations using the finite element 
method.133 When connected to steady-state 
feedback measurements, this study showed 
evidence that the oxides only mediated 
electron transfer to [Fe(II)EDTA]2-, but not 
methyl viologen or ferricyanide, suggesting 
different mechanisms for these electron 
transfers. It has since been applied to study 
adsorbate formation during several 
electrocatalytic processes.134-136 Because 
SI-SECM probes reaction kinetics, it might 
be used in the near future to answer 
fundamental questions about the chemical 
reactivity of adsorbates formed under 
different illumination conditions, or 
through co-catalytic or plasmonic schemes.  
 SI-SECM quantifies intermediates 
formed during PEC reactions equally well. 
Using the IrCl6
3-/4- probe, Zigah, et al. 
studied the formation of •OH on 
nanostructured TiO2 during open circuit water oxidation and measured both its limiting surface 
Figure 2.5: (A) Replacing a traditional SECM tip with an 
optical fiber supporting a ring electrode, localized PEC activity 
can be measured. Using this setup, PEC performance of BiVO4 
catalysts with different levels of W dopants was evaluated. 
Reprinted with permission from J. W. Lee, H. C. Ye, S. L. Pan 
and A. J. Bard, Analytical Chemistry, 2008, 80, 7445-7450. 
Copyright 2008 American Chemical Society. (B) Schematic 
showing in situ reactive titration of surface species by a probe 
species generated at the UME. (C) SI-SECM transients on 
doped SrTiO3 photoanodes detect an increase in the presence of 
oxidizing surface species as the substrate bias potential is 
increased during illumination. (D) Simulation demonstrating 
the expansion of the titrated surface area during SI-SECM. By 
constraining the length of surface interrogations, SI-SECM can 
be used as a platform for imaging heterogeneous surfaces. 
Adapted from B.H. Simpson and J. Rodríguez-López, 
Electrochimica Acta, 2015, 179 (10), 74-83. 
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coverage and dimerization rate to H2O2.
137 A similar study on BiVO4 photoanode extended this 
technique to measure the conversion efficiency of photons to •OH as 6%.138While it is a relatively 
new technique, SI-SECM has much promise for studying photoelectrocatalysts. SI-SECM on 
metal electrodes displays the limitation of having to use a tip of a similar size as the substrate under 
study due to the difficulty in decoupling the role of the background electrode over that of the 
intermediate species. Our group has recently overcome that limitation on lightly n-doped SrTiO3 
samples and reported on the detection of adsorbed ROS on an extended surface, as shown in the 
transient in Figure 2.5C. In this case, by careful choice of the titration parameters, e.g. redox 
mediator concentration and the titration time, it is possible to estimate the surface density of 
adsorbed ROS on SrTiO3 to be 2.5⨯1013 and 3.1⨯1014 m-2 with applied biases of 0.5 and 1.5 V, 
respectively. This surface coverage is in good agreement with results obtained through 
photocurrent transients (section 2.5.1) by Salvador108 but the application of SI-SECM is attractive 
because it addresses local surface coverage Already, SI-SECM has been used to detect surface 
species not seen through direct voltammetry, directly quantify intermediate coverage, and measure 
kinetics of adsorbate reactions across several orders of magnitude. Clearly, it addresses the need 
for a direct probe of adsorbate reactivity, but it was not until recently that our group developed SI-
SECM into a technique with the prospect of evaluating adsorbate coverage with spatial resolution 
on a photo-activated surface. This capability could be used to titrate species formed in situ on 
different surface features, such as defects, metal deposits and portions of native crystals.   Recent 
work in our lab has focused on understanding the transient behaviour of SI-SECM in preparation 
for imaging experiments. Using numerical simulations, we studied the titration area where reactive 
adsorbates are depleted.139 The growth of this region is governed by the ratio of generated titrant 
to available analyte. The advancing titration below a 1 μm tip is shown in Figure 2.5D, which 
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clearly shows that spatial resolution of SI-SECM can be controlled by limiting titration times. In 
combination with numerical simulations that predict transient response, this demonstrates that SI-
SECM is poised to become a powerful technique for quantitatively imaging reactive adsorbates on 
PEC surfaces. Further combination with spectroscopic methods such as Raman, IR or 
chemiluminescence pursued in our laboratory might offer an unprecedented view of total adsorbate 
identification and quantification for advancing our knowledge on PEC surface reactivity.  
2.7 Conclusions 
 Surface species mediate reactivity at many solid-liquid interfaces, especially as 
intermediates that facilitate inner-sphere electron transfer reactions.140 While in situ identification 
and quantification of these species at PEC interfaces presents some unique challenges due to the 
broad distribution of process that lead to their formation, techniques are rapidly being adapted 
from other fields to help identify photogenerated intermediates. For several techniques, in addition 
to the constraints posed by analysis of an interface immersed in electrolyte, one immediate goal is 
developing the ability to address nanoscale domains. Developments of super-resolution methods 
are allowing spectroscopies to approach these levels, which should provide important details about 
reaction dynamics at individual sites. Although many scanning probe techniques could already 
access these length scales, adding new detection modalities is allowing more direct information to 
be extracted with these methods. Tailor-made for quantification of surface intermediates, SI-
SECM is a new modality that will soon provide imaging capabilities that decouple electrode and 
adsorbate reactivity.  
 Techniques that measure the presence of surface intermediates can provide direct 
mechanistic information about PEC reactions. Often, multiple species are present on these 
surfaces, generated as intermediates within distinct reaction paths.3,4,41 The similarity in the 
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reactivity of the photogenerated products limits several techniques because they lack sufficiently 
selective probes. Synthetic methods may play a key role in strategies to improve the capabilities 
of all of the techniques like EPR and fluorescence microscopy which require chemical probes. 
Chemical mapping of biological systems often employs similar methods, and borrowing 
knowledge from others will allow old tools to break new ground. Incipient methods in 
spectroscopic X-ray analysis will likely shed some light in the near future about the nature of the 
species formed on metallic deposits used as co-catalysts.  
 Surface species play key roles in many societally important chemistries, and knowledge 
can be transferred from other fields of electrochemistry onto PEC and vice-versa. For instance, the 
formation141-143 and breakdown41, 144-146 of passive layers on metals often require surface 
intermediates. Corrosion often occurs through multiple mechanisms simultaneously that each rely 
on distinct surface intermediates, and its prevention is a topic of extensive research.111, 147 New 
discoveries developed to identify photogenerated surface species may find application in these 
related fields. Although options for future research are already clear, the diverse nature of PEC 
systems means that a wide array of techniques will always be needed so that methods can be 
tailored to specific systems. The near future promises to be an exciting time, as interest in new 
plasmonic interactions and the use of solar energy conversion schemes will likely present yet 
unexplored chemistries. Emerging in-situ analytical techniques will play a decisive role in 
understanding their reaction mechanisms.    
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CHAPTER 3: SPATIALLY RESOLVED REDOX TITRATIONS OF ADSORBED 
INTERMEDIATES FORMED DURING HETEROGENEOUS CATALYSIS1 
3.1 Abstract 
We introduce a methodology based on electrochemical simulations and the identification 
of the relevant experimental factors that enable the use of micro- and nano- redox titrations via 
Surface Interrogation Scanning Electrochemical Microscopy (SI-SECM) on an extended substrate 
electrode geometry. Specifically, we address the quantification of adsorbed intermediates so that 
information such as the local surface coverage can be conveniently extracted from SI-SECM 
transients despite diffusional broadening. Using a time normalization parameter 𝜌, we studied the 
time evolution of the SI-SECM signal and its impact on the titrated surface below the SECM tip.  
We identified the experimental and time conditions on which diffusional broadening dominates 
the signal. Our simulated results suggest that, while this effect decreases the spatial resolution of 
the SI-SECM process, it enhances significantly the measured signal. It is also a strong function of 
the SECM tip size, where quantification enhancements on nano-electrodes may facilitate their 
practical experimental deployment. A versatile parameter, 𝜌, not only allowed to understand 
practical enhancements, but also to guide the fitting of experimental results to theory. SI-SECM 
was used to quantify photogenerated intermediates of the photoassisted water oxidation reaction 
on lightly n-doped SrTiO3 using the ferri/ferrocyanide system as redox mediator. Agreement 
between simulated and experimental transients was excellent, and fitting allowed us to determine 
the potential-dependent surface coverage of hydroxyl radical intermediate, which ranged from 0.04 
to 0.50 C/m2. The analysis and experimental demonstration introduced here move SI-SECM 
forward as a quantitative platform to study (photo)electrocatalytic samples without needing to 
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constrain the size of the interrogated electrode. Furthermore, they establish SI-SECM as an 
analytical tool for mechanism-focused study of adsorbed intermediates and photocatalytic 
processes that occur on semiconducting and insulating surfaces, where quantification of surface 
reaction intermediates with view towards the nano-scale remains challenging for other 
electrochemical and spectroscopic approaches.   
3.2 Introduction 
Here, we introduce a methodology based on surface interrogation scanning electrochemical 
microscopy (SI-SECM)1, 2 on an extended semiconducting surface for quantifying photogenerated 
adsorbed oxygen species O(H)ads derived from the water oxidation reaction3-8 on samples of 
lightly n-doped strontium titanate.  Until now, SI-SECM had only been studied on samples that 
were restricted in size, typically such that the tip and substrate electrode sizes were comparable, 
due to potential interference from non-local electron transfer. In this study, we address the 
simulation and experimental framework necessary for understanding the SI-SECM titration in the 
absence of physical boundaries that limit the extent of the surface perturbation. We do so in terms 
of experimentally known parameters such as mediator concentration, diffusion coefficient, and tip 
size, positioning and shape, in order to solve for unknowns such as the surface coverage of 
adsorbed intermediates, among others. Our measurements are enabled by the use of 
semiconducting samples, such that non-local electron transfer effects are largely suppressed in the 
dark. Nonetheless, our samples display a high activity upon photo-excitation for the water-splitting 
reaction, thus providing an attractive platform for studying adsorbed intermediate formation for an 
environmentally- and energy- relevant chemical process.  
Understanding the dynamics of adsorbed surface intermediates is central to the study of 
inner-sphere electrochemical processes,9 including those involved in photo assisted chemical 
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reactions.10, 11 While few surface-sensitive techniques can directly probe the surface coverage and 
reactivity of these intermediates in their native electrolytic operating environment, an in situ 
understanding of the intermediates formed during processes such as corrosion,12 electrocatalysis 
and photoelectrocatalysis,13 would allow us to model, control and design the active surfaces 
involved in these phenomena.14 Thus, elucidating the formation, chemical reactivity and fate of 
these intermediates is crucial for controlling electrochemical reactions and tailoring electrode 
reactivity.15 Often, kinetic theory can help to elucidate reaction mechanisms,10, 16, 17 but direct 
chemical information improves these models,18 especially when diverse chemical intermediates 
are possible.19 In particular, SECM offers a unique opportunity to correlate the spatially-resolved 
information about reactivity at specific photo catalytic sites20-24 to the surface coverage of reacting 
species25, 26 with potential applications at the nano-scale.27, 28 This work introduces the basic 
considerations towards applying redox micro- and nano-titrations via transient SECM29, 30 for the 
local quantification of reactive intermediates at a substrate of unconstrained dimensions.     
Above all, it is highly desirable that a technique aimed at detecting photo electrochemical 
intermediates be useful in situ. Transient spectroscopies have proven useful for identifying and 
measuring lifetimes of many species present in photocatalytic colloids,13, 31-34 but the measurement 
of their reactivity and quantification remains an important challenge.35 Scanning probe techniques, 
such as scanning tunneling microscopy and atomic force microscopy are often employed to gather 
structural information from surfaces, but their implementation to detect chemical reactivity during 
electrode operation is challenging in electrolytic solutions.36, 37 Scanning electrochemical 
microscopy (SECM) is often used to study reactivity because it generates reactive probe molecules 
in situ,20, 38 collects products quantitatively,39, 40  and probes fast kinetics of electrode reactions,27, 
41 all of which are important for understanding photoelectrocatalysis. 
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Surface Interrogation (SI)-SECM is an emerging surface-sensitive technique that permits 
in situ measurement of information regarding the surface coverage and reaction mechanisms of 
intermediates on electrocatalysts and photocatalysts.4, 9, 42 In SI-SECM, a microdisk probe is 
positioned close to a substrate electrode. This probe generates a local redox titrant that addresses 
surface species. This process generates a transient feedback response that contains information 
about the surface coverage and reactivity of the species. Although SI-SECM has found  
applications in the study of the mechanisms of surface oxide formation,1, 43 hydrogen and formic 
acid oxidation,25 and the electro- and photo-catalytic oxidation of water,4, 7 its application has been 
confined to the study of samples deposited on microelectrodes or microfabricated to reveal only a 
small area.44, 45 This requirement is a consequence of non-local electron transfer on extended 
conductive surfaces.46 On substrate electrodes even a few radii larger than the SECM tip, open-
circuit SECM positive feedback makes it technically challenging to discern between the SI-SECM 
signal and the background. However, a large subset of surface explorations can proceed on active 
semiconducting or kinetically-limited substrates that do not display open-circuit feedback.26, 47-49 
Here, we show this concept for a lightly n-doped sample of strontium titanate which generates 
adsorbed oxygenated O(H)ads intermediates during the photoassisted oxidation of water.  
Quantifying the presence and interactions of surface species on photocatalytic samples 
motivates us to identify the fundamental principles of SI-SECM redox titrations on extended 
surfaces. With this step, we move SI-SECM forward as a quantitative platform to study diverse 
structures that impact photo catalytic processes, such as defects, electrodeposits, and redox 
domains, without needing to constrain the size of the interrogated electrode or introducing 
cumbersome micro-fabrication steps. Using digital simulations of the SI-SECM titrations in this 
scenario, we optimize the experimental conditions to show a marked signal enhancement 
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compared to constrained substrate geometries. Ultimately, this work develops SI-SECM as a 
technique for studying heterogeneous adsorbate reactivity on surfaces through spatially resolved 
micro- and nano-titrations.  
3.3 Experimental 
3.3.1 Materials 
Single-crystal (100) SrTiO3 (STO) electrodes were obtained from MTI (10x10x1 mm, 1 
side polished, made in Japan). ChromAR water was obtained from Macron (>0.5 MΩ). Boric acid 
(≥99.5%), sodium hydroxide (≥97%), and potassium ferricyanide (≥99%) from Fisher Scientific 
were used as received.  
3.3.2 Simulations 
Finite element simulations were performed with COMSOL version 4.4 (COMSOL, Inc.) 
in a 2D axis-symmetric geometry. All physics were simulated using the Surface Reactions Module 
and Transport of Dilute Species modules. A detailed description of the model is given in Section 
3.3.2. 
3.3.3 Preparation of substrate electrode 
The preparation of oxygen vacancy doped STO used here has been previously described.50  
Briefly, STO crystals were rinsed well with water and then isopropyl alcohol before cleaning with 
7:1 buffered oxide etch for 30 s before a thorough rinsing with water. Subsequently, vacuum 
annealing at 1000 °C for 1 hour was performed to introduce oxygen vacancies. Samples produced 
this way were characterized using Mott-Schottky analysis, which confirmed n-doping with dopant 
levels on the order of 1016 – 1017 cm-3. 
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3.3.4 Electrochemical measurements 
Electrochemical measurements were performed with the CHI900D Scanning 
Electrochemical Microscope (CHInstruments, Inc.). Surface interrogations were performed in a 
solution of 0.05 mM [Fe(CN)6]
3- in 100 mM aqueous borate buffer, adjusted to pH 9.3 by adding 
a half-molar equivalent of sodium hydroxide to a boric acid solution. The electrochemical cell 
consisted of an agar-bridged Ag/AgCl (sat. KCl) reference electrode, a 1 mm diameter Pt wire 
counter electrode, a disk-shaped carbon UME SECM tip as the working electrode, and the STO 
substrate was the secondary working electrode. Potentials are reported vs. Ag/AgCl. All tips were 
fabricated by sealing a 4 µm radius carbon fiber (Alfa Aesar) in a borosilicate capillary (Sutter, 
Inc.) using traditional sealing methods,51 then sharpening and polishing using 4000 grit SiC 
polishing paper (Buehler) and 1, 0.5, 0.25, and 0.1 μm diamond powder (Electron Microscopy 
Sciences). 
We selected the [Fe(CN)6]
3-/4- redox couple as mediator for its adequate reaction kinetics 
with photogenerated species and its high stability during irradiation with UV light. Steady state 
reduction of [Fe(CN)6]
3- was achieved at -0.1 V vs Ag/AgCl, which was determined through cyclic 
voltammetry. Measurement of RG and positioning the tip were done by fitting approaches using 
negative feedback from the reduction of [Fe(CN)6]
3- to [Fe(CN)6]
4- using reported numerical 
solutions for negative feedback.43 To generate intermediates on the STO substrate, the oxygen 
evolution reaction was performed by simultaneously illuminating and biasing the STO anode for 
60 s, after which both the bias and the illumination were removed. Illumination was provided by 
a 300 W Xe lamp (6258 Oriel) with nearly constant irradiance of 40 mW m-2 nm-1 in the 300 nm 
to 800 nm range. We determined the light output at each wavelength using a calibrated photodiode 
(Melles Griot 13DAH005) with a typical response of 0.3 A/W. 300 W of power was supplied by 
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an Oriel Digital Arc Lamp Power Supply. The light was directed to the substrate through an optical 
fiber, after which it had an illumination intensity of 122 mW/cm2. A custom made SECM cell with 
a quartz dome was designed in order to ensure even illumination of the STO substrate, even in the 
presence of the SECM tip.  SI-SECM was performed by generating [Fe(CN)6]
4- as a reductive 
titrant by biasing the tip to -0.1 V in a chronoamperometric step in the dark immediately after the 
adsorbate generation step. All fitting of experimental SI-SECM transients to simulated transients 
were done by minimizing the residual sum of squares (R2) between the obtained curves by using 
all available experimental information and only fitting the surface coverage, ΓA, of the reactive 
species at the substrate. 
3.4 Theory 
3.4.1 Surface interrogation scanning electrochemical microscopy 
The mass-transfer limited reduction at an ultra micro electrode of a solution-phase mediator 
pair, O/R, with the oxidized form O originally in solution results in a limiting current according 
to:  
  𝑖𝑠𝑠 = 𝑥𝑛𝐹𝑎𝐷𝑐  Equation 3.1 
where n is the number of electrons transferred, F is the Faraday constant, a is the disk radius, D is 
the diffusion coefficient of the mediator species, c is its bulk concentration, and x is a geometric 
factor that depends on the shape of the UME and its RG. When the electrode is positioned near a 
surface, interaction with the substrate changes the effective mass transfer of the mediator to the 
UME. If the substrate is non-reactive, it blocks diffusive transport to a tip positioned near it, 
lowering the current at the tip electrode, a phenomenon known as negative feedback. Negative 
feedback allows accurate positioning of the tip at a given tip-substrate separation, measured as 𝐿 =
𝑑
𝑎⁄ , where d is the distance between the tip and the substrate.
52 Positive feedback, an increase in 
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transport of mediator to the UME, occurs when species R is converted back to O at the substrate. 
SI-SECM takes advantage of these interactions to titrate adsorbed intermediates via regeneration 
of O by chemical reaction of R at the substrate.  
In this work, we are interested in the irreversible reductive titration of oxygen-containing 
species on a semiconductor surface, therefore we will focus on the process shown in Equation 3.2, 
where IAds refers to the adsorbed reactive intermediate: 
 𝐼𝐴𝑑𝑠 + 𝑅 
𝑘𝑠𝑖
→  𝑂 Equation 3.2 
 The titration of the adsorbed intermediate proceeds via the bimolecular reaction in 
Equation 3.2 at a rate 𝑟 = 𝑘𝑠𝑖𝑐𝑅Γ𝐴 where ksi is the surface interrogation rate constant in 
𝑚3 𝑠 ∙ 𝑚𝑜𝑙⁄ , and 𝛤𝐴 is the surface coverage of the intermediate in 𝑚𝑜𝑙/𝑚
2. Chemical reaction at 
the substrate regenerates O, and produces a transient current increase similar to that shown in 
Figure 3.1. This transient decays as the intermediate is consumed. Depletion of IAds convolutes the 
transport of mediator and the bimolecular 
reaction rate, so numerical simulations are 
needed to predict the electrode response 
and to provide an accurate value of surface 
coverage based on the area under the curve 
shown in Figure 3.1.  
3.4.2 Numerical simulation 
Numerical simulation of the 
combined diffusion and kinetic behaviors 
relies on a few key assumptions. First, we 
assume that all chemical transport in the 
Figure 3.1: Simulated transient feedback responses of a titrant 
generated at a 4 μm tip over a reactive substrate with 1 and 0 
C/m2 of a reactive species, with the difference between these 
curves demonstrating the surface interrogation. Inset is a 
schematic of the reactions and transport occurring in this model 
system. 
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mediator solution is due to diffusion 
described by Fick’s first and second laws, 
as shown in Figure 3.2. We also assume 
that the adsorbed species is immobile and 
that lateral charge transfer is insignificant. 
The lack of surface diffusion is reasonable, 
as quantum chemical calculations have 
reported large energy barriers to diffusion 
of O-adatoms on TiO2.
53 Although 
diffusion of oxidizing species has been 
reported to cause “remote photocatalysis” 
on TiO2¸ this phenomenon occurs very 
slowly, requiring hours to fully mineralize 
species at a distance of more than 10 μm 
from photocatalytic sites.54, 55 SI-SECM proceeds too rapidly for this to be significant, as will be 
discussed in Section 3.4.2. The rate constant ksi for the bimolecular reaction between adsorbed 
species and mediator is assumed to be constant regardless of surface coverage.  
Figure 3.2 shows a schematic of the geometry used for the simulations of SI-SECM. Using 
the Transport of Dilute Species Module (TDSM), the COMSOL model employed Fick’s First and 
Second laws to simulate diffusion in the domains corresponding to the solution phase, represented 
as yellow areas in Figure 3.2. Type 1 boundaries are the insulating glass sheath of the electrode, 
where the No Flux condition was used. The Type 2 boundary uses a Flux boundary condition that 
mimics fast Butler-Volmer kinetics (𝑖 = 𝑘𝑓𝑐𝑅 − 𝑘𝑏𝑐𝑂) with an effectively high kf such that it 
Figure 3.2: A radial cross-section of the 2D axis-symmetric 
COMSOL model used to simulate surface interrogations. Type 
1, 2, and 4 boundaries simulate insulating surfaces, the UME 
tip, and semi-infinite diffusion within TDSM domains 
represented by the yellow domains. Type 3 boundaries use the 
TDSM and SRM to simulate bimolecular reactions occurring at 
a surface. 
 65 
 
always operates at mass transfer limited conditions. The diffusion coefficient of O and R was made 
equal, such that stoichiometry between O and R is maintained at all points in the solution space. 
At Type 3 boundaries, the Surface Reactions Module (SRM) is used to define a surface containing 
the adsorbed species I(ads) . The bimolecular reaction of I(ads) with O is modeled as a Reaction in 
the SRM and an Inward Flux in the TDSM, each with the equation 𝑁𝑂 = −𝑁𝑅 = −𝑅𝐴 = 𝑘𝑠𝑖𝑐𝑅Γ𝐴. 
Segments S1, S2, and S3 were defined as the substrate areas below the UME, the glass sheath of 
the tip, and open solution, respectively, as these distinctions facilitate later discussion. To meet the 
semi-infinite diffusion conditions of the electrochemical cell, Type 4 boundaries used a 
concentration boundary condition that set both R and O to their initial conditions.  
The SI-SECM transient tip current (itip) was measured by integrating the diffusive flux of 
R to the Type 1 boundary. The simulated surface interrogation current (isi) was calculated by 
subtracting itip(ΓA = 0) from a simulated transient. The resulting titrated charge, Qsi, was obtained 
by integrating isi with respect to time, but here, we frequently normalized by the steady-state 
limiting current to give  𝐼𝑠𝑖 = 𝑖𝑠𝑖/𝑖𝑠𝑠. Qsi was normalized by the charge present on the area of the 
tip projected onto the substrate, Qproj, i.e. the charge corresponding to a substrate of the same size 
of the tip micro-disk with radius a. This was done to demonstrate impact of diffusional broadening 
on Qsi, and this is referred to as the enhancement factor (EF). Expected positive (iPF) and negative 
(iNF) feedback currents for simulated conditions were calculated using reported general solutions 
for feedback accurate to approximately 1% across a wide range of conditions.56  
3.4.3 Interrogation progress described by ρ  
A time normalization based on the schematics of Figure 3.2 was adopted in order to better 
understand the effects of mediator concentration, c, surface coverage ΓA, diffusion coefficient D 
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and electrode size a on the simulated transient response. To a first approximation, the charge 
titrated by the tip on the accessible portion of the substrate below it can be expressed as:   
 𝑄𝑠𝑖 =  𝑛𝐹𝛤𝐴𝐴𝑝𝑟𝑜𝑗 = 𝛤𝐴 ∗ (𝐴𝑆1 + 𝑓(𝑅, 𝑡, 𝑅𝐺)𝐴𝑆2 + 𝑓(𝑅, 𝑡, 𝑅𝐺)′𝐴𝑆3) Equation 3.3 
Where AS1, AS2 and AS3 are the areas of regions S1, S2 and S3 respectively. Although S1, S2 and 
S3 all contribute to the titrated charge, their contributions are better described as sequential rather 
than parallel. As will be shown later, the first area to become fully titrated is S1 as it is directly 
below to the tip, then S2 follows and so on. Assuming a microdisk geometry, the charge titrated 
on S1 is: 
 𝑄𝑠𝑖,𝑆1 = 𝑛F𝛤𝐴(𝜋𝑎
2) Equation 3.4 
Although both ΓA and the flux of mediator change during the titration process, we expect 
that the time needed for titration is related to the flux of reactive mediator that the tip can deliver. 
This flux is proportional to the transient current, ∆𝑖, which can be expressed in terms of the 
dimensionless difference between the positive and negative normalized feedback current, 
∆𝐼𝑇(𝐿, 𝑅𝑔) at any given L, and can be written as a function of the steady state current (Equation 
3.1) as follows:   
 ∆𝑖 = 𝑥𝑛𝐹𝑎𝐷𝑐 ∗ ∆𝐼𝑇(𝐿, 𝑅𝐺) Equation 3.5 
Following Faraday’s law, we can write an estimation of the time needed for titration of S1, which 
we call here ρ(L, 𝑅𝐺), as:  
 𝜌(𝐿, 𝑅𝐺) =  
𝑄𝑠𝑖,𝑆1
∆𝑖
=
𝜋Γ𝐴𝑎
4𝐷𝑐Δ𝐼𝑇(𝐿,𝑅𝐺)
 Equation 3.6 
This expression can be further simplified to yield a geometric factor, g(L, 𝑅𝐺), and a ratio of 
experimentally-relevant factors:  
 𝜌(𝐿, 𝑅𝐺) = 𝑔(𝐿, 𝑅𝐺) ∗
Γ𝐴𝑎
𝐷𝑐
 Equation 3.7 
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 𝜌 =
Γ𝐴𝑎
𝐷𝑐
 Equation 3.8 
 𝑡𝑛𝑜𝑟𝑚 =
𝑡
𝜌
 Equation 3.9 
At any tip-substrate distance, Equation 3.8 highlights some expected trends, for instance, that the 
time necessary for titration is proportional to the surface coverage of the species to be titrated, and 
that this time decreases as the diffusion coefficient of the titrant is made larger or a larger 
concentration of it is used. It also predicts that smaller tips should lead to shorter transients, given 
all other aspects equal. ρ in Equation 3.8 provides a convenient way to compare results where 
changes in experimental conditions, such as reaction media, concentrations and surface coverage 
at the substrate are varied. It is expected that at constant ρ, the simulated transients will be similar.  
3.5 Results and Discussion 
3.5.1 Simulated interrogation transients on an infinite substrate 
The use of SI-SECM on an extended surface opens up the possibility of addressing the 
interrogation of individual features on a reactive surface, thus avoiding the need to micro-fabricate 
the substrate electrode. However, exposing a larger portion of the surface to the SI-SECM titration 
causes significant diffusional broadening. The purpose of the following analysis is thus to 
understand the factors that contribute to the SI-SECM signal. Our intention is to enable the 
extraction of useful experimental information such as the local surface coverage of reaction 
intermediates, ΓA, provided that experimental information can be used as an input and ksi can be 
reasonably estimated.  
Shown in Figure 3.3A is an example family of simulated chronoamperometric transients 
from the interrogation of a surface with a representative surface coverage of 𝛤𝐴=1 ×10
-5 mol/m2 (Q 
~ 1 C/m2) at different values of 𝑘𝑠𝑖. The maximum current visible at short time scales in Figure 
3.3A is slightly smaller than the positive feedback current 𝑖𝑃𝐹 that would be observed from an 
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infinite substrate activated 
electrochemically.  Here, the tip 
never reaches 𝑖𝑃𝐹 because the 
source of positive feedback is 
consumed more rapidly than a 
stable diffusion layer can be 
achieved, as shown by the changing 
mediator concentration profile in 
Figure 3.3B. While this prevents the 
application of existing solutions of the steady state feedback mode to SI-SECM, the simulated 
transients can be used to recover the ksi from experimental measurements. Figure 3.3 shows that 
unlike SI-SECM transients of confined surfaces, where the titration reaches a clear endpoint, the 
SI-SECM transients on an extended surface can continue for long periods of time until the different 
kinetic regimes are undistinguishable. Thus, the SI-SECM signal at short times carries important 
diagnostic value. The rate constant SI-SECM at the beginning of the transient can be compared to 
an electrochemical rate constant by means of: 
 𝑘𝑒𝑙 = 𝑘𝑠𝑖Γ𝐴 Equation 3.9  
Since the current for SI-SECM cannot be larger than the feedback current allowed by kel, it is 
possible to set a higher limit to the extracted values of ksi and ΓA obtained by fitting of transients 
as described in the following sections.  
ΓA cannot be measured directly from Qsi on a substrate of infinite extension due to the 
diffusional broadening of the mediator on the interrogated surface. However, its value impacts the 
behavior of isi. As shown in Figure 3.4A, increasing the initial coverage, 𝛤𝐴,0, leads not only to an 
Figure 3.3: (A) Background subtracted surface interrogation transients 
of ksi from 0.1 to 1000 m3/(mol·s) using a 1 μm tip positioned at L=1. 
These transients never reach the maximum attainable positive feedback 
for these conditions demonstrated by the dashed lines due to adsorbate 
depletion. (B) This depletion leads to a constantly changing mediator 
concentration profile.  
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increase in the initial transient current, but also in the duration of the interrogation process. For 
very high ΓA and short times, the current is of similar intensity as that observed for steady state 
positive feedback, as has been already shown for the interrogation of absorbed H on Pd 
electrodes.25 Similar conditions could be achieved experimentally by using lower mediator 
concentrations to slow down the interrogation process. When reactions are slow and coverage is 
high, a clearly distinguishable plateau can be observed for several seconds on the transient, and 
can be used as a reference point for determining kel.   
 The RG of the UME restricts the space between the tip and the substrate. This causes the 
tip electrode to recover a larger fraction of the regenerated mediator that does not escape into the 
bulk of the solution. As shown in Figure 3.4B, while the curve for RG = 10 shows a decaying 
current that extends beyond the probed time, the curves for RG= 2, 4, and 6, all show transients 
that decay much closer to the baseline. Figure 3.4B shows however, that even at these RG values, 
while the interrogation transient has decayed significantly, the region of depleted adsorbate has 
extended far beyond the edge of the glass. These observations as a function of RG suggest that 
mediator access to the surface covered by the tip microdisk, the glass sheath, and beyond, has a 
Figure 3.4: Series of transients showing how (A) Γ and (B) RG directly impact the surface interrogation transients. A 
lower Γ significantly lowers the collected feedback current and collected charge. Decreasing RG shortens the length 
of the large feedback signal, but still maintains a measurable interrogation response at long times. 
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large impact on the titration efficiency. These effects are presented in a more systematic manner 
in the following section.   
3.5.2 Signal enhancement by diffusional broadening 
For a given surface coverage and set of experimental conditions, the charge titrated by SI-
SECM on an extended surface is a strong function of the geometry of the UME, but also on the 
size of the microdisk and the time it is allowed to perform the titration.  As is common with steady 
state SECM experiments, both a and L determine the extent of diffusional broadening. However, 
in SI-SECM, the titration reaction in Equation 3.2 occurs at a rate that is also dependent on the 
size of the electrode, as suggested by Equations 3.7 and 3.8.  In addition, the reach of titrant grows 
outward from the tip over time, titrating a larger area of the substrate as it does, as shown in Figures 
3.5A and 3.5B. By optimizing spread against collection efficiency, optimal titration conditions can 
be selected to enhance signal strength without sacrificing measurement time.  
Figure 3.5: The decay of (A) transient feedback measured at the UME (a = 1 μm) correlates with (B) depletion of the 
adsorbed species (Γ0=1 C/m2) on the substrate. Once S1 and S2 are fully titrated, the signal drops close to the limit of 
our analytical range. 
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When interrogating a substrate of limited size, the maximum measurable Qsi equals the 
total charge on the substrate, but a similarly convenient limit is not apparent when titrating an 
infinite substrate. Investigating the interrogation response of the three distinct regions S1, S2, and 
S3 from Figure 3.1, helps to illustrate from where the feedback signal is generated. The series of 
images in Figure 3.5B shows that the depletion region grows as the feedback signal decays. At 0.1 
seconds after tip activation, it can be seen that only region S1 is heavily titrated, and the current is 
nearly equal to the maximum positive feedback allowed under these conditions. As this region is 
depleted, the positive feedback begins to decay as the titration of S2 proceeds between 1 and 10 
seconds. Once the titration proceeds beyond the insulating sheath of the tip, the current drops 
almost to negative feedback levels as the depletion front extends into S3, shown in the image at 
60 s. We can further decouple the contribution from each region below the tip. Notice that in this 
decoupling, shown in Figures 3.6A and 3.6B, the transients from titration of S1, S2, and S3 do not 
sum to the response of the extended substrate at all times because of mass transport limitations, 
and because of the sequential mechanism mentioned above.  Titrations of each region are vastly 
different at different L. Simulated for L=0.1, Figure 3.6A shows an extremely rapid titration of S1, 
Figure 3.6: Surface interrogation transients for a 5 μm tip positioned at (A) L=0.1 and (B) L=3.16 above a substrate 
where only regions S1, S2, or S3 have reactive adsorbate (Γ0=1 C/m2). These transients do not sum to the interrogation 
for a substrate where S1, S2, and S3 are active because of the limited possible flux of mediator discussed in Section 
3.3.1. 
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over 0.2 seconds compared to the 2 seconds required at L=3.16 in Figure 3.6B. Ultimately, the 
largest change comes from the dramatically increased collection of charge from S2, as shown in 
Table 1. Although at L=3.16 the maximum positive feedback attainable is significantly smaller 
than at L=0.1, the larger accessibility of the mediator to S2 enhances significantly the charge 
registered by the SI-SECM signal. Charge collected from S3 in both cases was less than 10% of 
the signal at L=1, and less than 1% for L=0.1, suggesting that it accounts for a very small part of 
the interrogation signal. 
Table 3.1: Comparison of the contribution of each substrate region to the SI-SECM transient at different 
values of L under the conditions outlined for Figure 3.6.  
 
A puzzling aspect observed when evaluating the charge titrated at different L values and 
different tip sizes consisted of high and varying enhancement factors. We define the enhancement 
factor, EF, as the charge titrated divided by the charge present in an area of equal size as that 
defined by a. Provided the same conditions (e.g. 𝛤𝐴, D, c, RG, L) are used, enhancement factors 
displayed a strong tip-size dependence. Comparison of these results across a range of tip sizes in 
Figure 3.7 shows the expected enhancement factors on Qsi, which are predicted based on the 
relative growth of the depletion region. Experimentally, attaining the peak EF would be 
challenging for many of these cases, as isi would be comparatively too small to detect over baseline 
for most heights above L=1. However, in contrast to SI-SECM at a substrate of constrained size 
where the maximum signal is obtained when positioning close to the surface, the conditions for 
L 0.1 1 3.16 
 Q
si
 / pC CE % Q
si
 / pC CE % Q
si
 / pC CE % 
S1 36.7 46.7% 55.0 70.0% 28.3 36.1% 
S2 562 7.2% 1340 17.2% 1050 13.6% 
S3 4.5 - 152 - 301 - 
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optimizing the signal to noise ratio point to 
positioning the tip at a moderate distance 
from the substrate.  Since this effect is 
greatly enhanced at small tips compared to 
larger ones, it opens up a new way of using 
nano-SECM probes where this 
enhancement can be achieved in the 
absence of stringent approach 
requirements. While our laboratory is 
currently investigating this effect in nano-SECM tips, we now turn to understanding its origin and 
demonstrating its use for the titration of photogenerated species at a semiconducting surface.  
The enhancement factors shown in Figure 3.7 are due to the shorter time required for 
smaller tips to titrate the adsorbate present in the sequence of areas represented by S1, S2 and S3.  
The rate of titration of these areas is described in Equations 3.5-8, where the characteristic titration 
time, ρ, describes the approximate time necessary to titrate S1 and proceed with S2 and S3. The 
size-dependent enhancement factors shown in Figure 3.7 are just a reflection of the fact that at 
equal simulated times, and given the same experimental conditions for D, c, and 𝛤𝐴, the smaller 
tips have already titrated an area that extends far beyond that addressed by the larger tips. Thus, 
the use of ρ as a normalization factor for time allows us to account for differences in the rate of 
titration due to D, c, a and 𝛤𝐴. Figure 3.8 shows how different simulated transients, with different 
values of D, c, a and 𝛤𝐴 at a constant value of ρ converge to a common transient at longer times. 
Figure 3.7: Predicted enhancement factors of SI-SECM 
transients at 100 s on an extended substrate show a strong 
dependence of the effect of diffusional broadening on tip size. 
This apparent size-dependent enhancement is a result of smaller 
tips proceeding further in the titration from having smaller ρ.  
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This effect is most pronounced with fast 
substrate kinetics (𝑘𝑠𝑖 =
100 𝑚3 𝑚𝑜𝑙 ∙ 𝑠⁄ ), but can be seen even 
with slow kinetics (𝑘𝑠𝑖 = 1 𝑚
3 𝑚𝑜𝑙 ∙ 𝑠⁄ ). 
Discrepancies at shorter times are expected 
as the characteristic diffusion time will be 
different for different combinations of D 
and a. Likewise, ρ is strongly affected by L 
and RG. Because of all these dependences, 
we have not been able to find a single 
collapsible master curve described by ρ, but we would like to point out that experimentally, ρ 
represents a great asset, as it allows us to define and delimit the choice of experimentally 
controllable variables such as the mediator concentration and the size of the electrode to use for a 
given interrogation process. The area directly below the tip microdisk will be titrated 
approximately in a reduced time of t/ρ = 1, so we recommend titrating the surface of interest over 
a range of 0.1 < t/ρ < 100. This space captures the region of interest addressed by the tip microdisk, 
and also provides information about the regions farther away. In the following section, we describe 
how we use ρ to determine the surface coverage of the O(H)ads species on strontium titanate.  
3.5.3 Experimental determination of O(H)ads by SI-SECM on an extended strontium titanate 
surface 
To demonstrate the experimental applicability of our simulations, we interrogated a lightly 
doped sample of strontium titanate (STO) for the detection of photogenerated O(H)ads during the 
photoassisted water oxidation reaction. Lightly doped samples show high resistivity, which 
Figure 3.8: Interrogation transients sharing the same ρ show 
similar behavior using the normalizations discussed in Section 
3.3.3. The significant deviations at short time scales result from 
transient Cottrell-like and time-of-flight effects that are 
particular to every a and D combination.   
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prevents open circuit processes from regenerating reactive surface species. STO is a wide-band 
gap semiconductor with perovskite structure that absorbs ultraviolet light and possesses a bandgap 
of 3.2 eV. This material can be easily n-doped in order to perform oxidations during illumination, 
where it can generate highly oxidizing holes that surface to induce the water oxidation reaction in 
aqueous electrolyte. In a basic medium, oxygenated adsorbed intermediates are formed by:  
 𝑂𝐻− + ℎ+ → 𝑂𝐻 ∙𝑎𝑑𝑠 Equation 3.10 
Further oxidation of OHads can lead to the formation of intermediate Oads and the evolution 
of oxygen gas. Thus in this work, we term all oxygenated species as O(H)ads. The titration of this 
species was accomplished using the activation of [Fe(CN)6]
3- to the reducing form [Fe(CN)6]
4- at 
the SECM tip. The standard potential of [Fe(CN)6]
3-/4- is 0.36 V vs. NHE, which is significantly 
more negative than the standard potential of formation of OHads, approximately 2 V vs NHE. This 
allows tip generated [Fe(CN)6]
4- to be easily oxidized back to [Fe(CN)6]
3-  by the surface adsorbate. 
The use of [Fe(CN)6]
3-/4-is convenient, as we did not observe signs of its chemical decomposition 
during illumination of STO, and because 
its reduction does not overlap significantly 
with the reduction of O2 at the carbon tip. 
Thus, this mediator provides a feedback 
signal that is sensitive only to the surface 
reaction.   
 Figure 3.9 shows a partial positive 
feedback approach curve during substrate 
illumination that strongly suggests that 
illumination of the biased STO surface 
Figure 3.9: Approach curves with a carbon tip (a = 4 μm, RG = 
8) to STO biased at 2 V using reduction of [Fe(CN)6]3- (c0 = 50 
μM) in the dark and under illumination show that 
photogenerated species react with [Fe(CN)6]4-, producing 
positive feedback that is only observed under illumination. 
 76 
 
with ultraviolet light produces adsorbed intermediates that are responsive to the flux of [Fe(CN)6]
4- 
from the tip.  This reaction does not proceed in the dark, either on open circuit or biased STO 
samples, as shown by the negative feedback approach curves that overlap in Figure 3.9. A negative 
feedback approach is observed even if the approach begins immediately following illumination, 
as any species not being continuously produced would be depleted during the approach. Under 
continuous ultra violet illumination, the direct oxidation of [Fe(CN)6]
4- by both transient 
photogeneragted holes and chemically trapped holes in the form of O(H)ads is possible. However, 
interrupting the illumination of the substrate allows transient holes to react, and only chemical 
intermediates O(H)ads are addressed via SI-SECM. Because we were able to perform reproducible 
SI-SECM transients on the scale of hundreds of seconds of duration, we can safely assume that 
O(H)ads is stable on this surface.  
Figure 3.10 shows the comparison between the experimental and best fit simulated 
transients used to explore the surface coverage of O(H)ads generated by the photoassisted oxidation 
of water. Using parameters equivalent to those in the experiments, simulated SI-SECM transients 
were produced to identify both the surface coverage of oxygen species, ΓO, and ksi for chemical 
reaction between the surface bound species and [Fe(CN)6]
4-. The fitting of experimental and 
simulated results was significantly simplified by using simulated curves in terms of the normalized 
time, ρ, such that all known experimental parameters (c, D, L, RG, a) were encompassed by 
simulations that matched closely the experimental values. This time normalization also allowed an 
easy fitting of the transients by using ΓO as adjustable parameter, where the abscissa helped 
significantly in identifying plausible values for ΓO. The transients in Figure 3.10 fit reasonably 
well to a single-valued SI-SECM constant, where ksi= 100 m
3/s, with R2 values of 0.83-0.94.  
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Analysis of the transients in Figures 
3.10A to 3.10D yields surface coverage 
results that are congruent with the available 
sites on the STO surface. Assuming that the 
structure of the surface of STO retains the 
cubic symmetry of the bulk crystal, we 
estimate that a monolayer of OHads would 
result in a charge surface coverage of 1.0 
C/m2 (ca. 1×10-5 mol/m2) if every adsorbate 
molecule occupied one surface unit cell.  
We measured surface coverages ranging 
from 0.04 to 0.5 C/m2 of O(H)ads for 
different substrate biases, as shown in 
Figure 3.10E. The largest measured 
coverage represents approximately 0.5 
monolayers of adsorbed charge. Figure 
3.10E shows that the calculated coverage of 
the surface intermediate increases as the 
potential of the electrode becomes more positive, in agreement with the expected trend in reactivity 
as the water oxidation reaction becomes more activated at large bias. Because of the low doping 
density of the samples we used, resistive effects are dominant and the water oxidation current did 
not reach the plateau that is characteristic of a fully-activated semiconductor surface.  
Figure 3.10: Theoretical (solid lines) and experimental (circles) 
transients for the interrogation of intermediates (ksi = 100 
m3/mol·s) of the oxygen evolution reaction in pH 9.3 borate 
buffer on STO at (A) 0.5, (B) 1, (C) 1.5, and (D) 2 V vs. 
Ag/AgCl.  The voltammogram in (E) shows that as the potential 
bias on the substrate is increased to further activate the oxygen 
evolution reaction, the substrate coverage increases. Inset is a 
chopped light voltammogram of the same STO sample showing 
its extremely low dark current relative to photocurrent. 
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Factors that might affect the accuracy of our experimental results include the uncertainty 
in the geometry and positioning of the SECM tip, the input parameters used for fitting of the 
transients (e.g. diffusion coefficients, uncertainty in mediator concentration), and the assumption 
that ksi is independent from the fraction of sites occupied by oxidizing species.  In contrast to 
previous transient SECM feedback experiments examining surface diffusion, delocalized 
oxidation from similar photocatalysts occurs slowly, 57 thus transport across the surface should not 
contribute importantly to the SI-SECM signal on this time scale. Considering all experimental 
uncertainty, the SI-SECM transients shown in Figure 3.10 display close agreement to our 
simplified simulation model. More importantly, these modeled results predict the experimentally 
observed plateaus, peaks, and decays, which provides a clear reference for benchmarking more 
complex systems like those that could be found in SI-SECM investigations of other photo -
electrocatalysts. Our laboratory is currently engaged in using the tools introduced here to evaluate 
the activity and coverage of adsorbed intermediates on photoelectrocatalysts using different 
illumination conditions and sample treatments.  
3.6 Conclusions 
We demonstrated a redox titration on an extended semiconducting surface of adsorbed 
reactive intermediates using surface interrogation SECM. The methodology used here enables the 
use of SI-SECM on substrates that do not exhibit lateral charge transfer, and expands the 
capabilities of this technique by providing the experimental and simulation framework necessary 
for extracting quantitative information from these redox titration transients. Experiments on 
unmodified extended surfaces, in contrast to the use of size-constrained micro-fabricated samples 
typically used in SI-SECM, are desirable as they reduce the experimental burden of sample 
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preparation. The methodology and results presented here enable the quantitative exploration on 
semiconductor surfaces for local surface coverage effects addressable through SECM.    
The introduction of the time normalization factor, ρ, which takes into account the rate of 
titration, allows us to better understand the main contributions, plausible experimental conditions 
and sequence of events that lead to an SI-SECM transient. The use of this parameter also allows 
us to explain the unexpected results obtained when simulating SI-SECM transients with small 
SECM tips. Given all other conditions equal, the rate of titration is larger with smaller tips, and 
this leads to apparent enhancement factors that are larger when using nm sized tips in comparison 
the titration process is better described as sequential, with the area below the tip being titrated first, 
then continuing outwards. Although a smaller area should lead to a smaller interrogated charge, 
small tips titrate the substrate faster, which allows access to remote parts of the substrate sooner 
than for large tips. This effect allows significant amplification of the obtained signal under 
experimental times and conditions typically found for small molecule redox mediators in aqueous 
solutions. We foresee that these effects, in addition to the enhancements observed at 
experimentally easily accessible values of L, might enable a more straightforward use of nano-
SECM probes for SI-SECM explorations than predicted on the basis of experience with steady 
state SECM. While the signal enhancements are yet to be fully characterized experimentally, the 
use of simulated parameters such as ρ, significantly simplified the analysis of SI-SECM transients.  
The surface coverage of photogenerated O(H)ads intermediate was quantified on the 
surface of a lightly n-doped sample of strontium titanate after it was activated for the water 
oxidation reaction using ultra violet light. While the approach to fitting an experimental SI-SECM 
transient typically involves knowledge and estimation of many experimental parameters, the use 
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of ρ allowed an easy exploration of the simulation space required to successfully fit experimental 
SI-SECM transients. Our results indicate that it is possible to titrate photogenerated surface species 
on a lightly doped semiconductive surface with essentially no interference from the underlying 
substrate in the dark. The increase in the surface coverage of O(H)ads as a function of potential 
and activity of the photocatalytic surface was easily probed through titrations using [Fe(CN)6]
3-/4- 
as mediator. Fitting of the experimental transients to the simulations yielded an excellent 
agreement considering all possible sources of error. It also showed that diffusional broadening can 
be properly addressed in order to arrive at a measurement that is plausible in the context of the 
availability of sites at the surface of STO. We were able to successfully detect O(H)ads at a level 
of about 4% of a monolayer without full optimization of experimental parameters. Further 
activation leads to surface coverage as high as 50% of a monolayer. Our laboratory is currently 
using the techniques outlined in here to combine SI-SECM with traditional SECM imaging to 
systematically explore the effects of different illumination conditions and the impact of surface 
heterogeneities on the catalytic mechanisms involved in photocatalysis.  
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CHAPTER 4: ELECTROCHEMICAL IMAGING AND REDOX INTERROGATION OF 
SURFACE DEFECTS ON OPERATING SRTIO3 PHOTOELECTRODES1 
4.1 Abstract 
We introduce electrochemical imaging and nano-resolved measurements of catalytic 
intermediates on operating SrTiO3 photoelectrodes. Spatially resolved redox titrations of 
photogenerated reactive oxygen species (ROS) were used to profile changes in ROS coverage and 
reactivity at pristine and ion-milled defective areas on n-doped (100) SrTiO3. Adsorbed ROS 
reached a potential-dependent limiting coverage of ∼0.1 monolayer and did not differ significantly 
between milled and pristine areas. However, the reaction kinetics between a solution-phase 
mediator and adsorbed ROS were found to be significantly decreased over ion-milled areas. Using 
a nanoelectrode, we resolved ksi values of 5 and 300 m
3/s·mol for these bimolecular reactions at 
defective and pristine sites, respectively. Ion-milled areas also showed significantly decreased 
activity toward photo-oxidations, providing evidence that photogenerated ROS mediate fast 
charge-transfer reactions with solution-phase species at the semiconductor–electrolyte interface. 
Our results provide spatially resolved direct evidence of the impact of surface defects on the 
performance of photoelectrochemical systems. Scanning electrochemical microscopy offers a 
powerful method for evaluating the reactivity of an operating electrochemical interface by using 
redox titrations that detected as few as 30 attomoles of adsorbed ROS. 
4.2 Introduction 
Semiconductor photocatalysts use light as an energy input to drive uphill chemical 
reactions. This makes them an attractive option for implementing energetically expensive 
chemistries, such as producing sustainable fuels through water-splitting reactions,1, 2 advanced 
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oxidation processes on wastewaters, or systems for pollutant photodegradation.3, 4 These require 
formation of highly reactive surface intermediates, such as trapped photogenerated holes and free 
or adsorbed reactive oxygen species (ROS). 3, 4 Although many research efforts have been devoted 
to understanding how light excitation generates reactive holes (h+) and electrons (e–) in the bulk 
of the semiconductor,5 chemical reactivity ultimately proceeds at the surface of the material.4, 6-
8 Unraveling the spatial and temporal distribution of surface charge carriers and reactive species 
requires an in situ method that accesses distributions of local photoelectrocatalytic rates and 
surface intermediates at the micro- and nanoscales. Such studies will provide an unprecedented 
glimpse into the impact of surface-segregated redox processes, the role of surface imperfections 
and doping inhomogeneities on local photoelectrochemical (PEC) rates, and the synergy of surface 
co-catalysts with the semiconductor electrode. 
We image a photoelectrocatalyst in situ using scanning electrochemical microscopy 
(SECM) and perform nanoscale redox titration of adsorbed intermediates through surface 
interrogation SECM (SI-SECM).We present the first in situ chemical imaging showing the impact 
of controlled surface defects on the distribution and reactivity of PEC surface processes on n-
doped SrTiO3(STO) electrodes during water splitting. STO is a well-known photocatalyst with a 
bandgap that straddles the redox potentials of the hydrogen evolution reaction and the oxygen 
evolution reaction, making it highly active toward water splitting, even in the absence of potential 
bias.9, 10 Figure 4.1A depicts the use of a redox mediator to obtain steady-state SECM images of 
photocatalytic reactivity using the feedback and redox competition modes. In Figure 4.1B, SI-
SECM is used to titrate persistently adsorbed ROS using transient feedback. We recently reported 
on the theory and experiment of SI-SECM redox titrations of ROS on STO photoelectrodes 
following photo-assisted water oxidation, using [Fe(CN)6]
3–/4– as redox mediator for SI-
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SECM.11 In that work, we showed that a 
powerful feature of SI-SECM is its ability 
to simultaneously detect the surface 
coverage and chemical reactivity of 
adsorbed species, enabling a spatially 
resolved kinetic exploration of reactive 
adsorbates at surface features on operating 
photocatalysts. 
Here, we demonstrate that localized 
surface defects created using focused ion 
beam (FIB) milling decrease the kinetics of 
photochemical oxidations in comparison to 
a pristine surface. For the first time, sub-μm-resolved SI-SECM is used to show that the reactivity 
of adsorbed ROS also exhibits a dramatic decrease on defective sites. This study supports the thesis 
that defects on photocatalysts give rise to lower efficiency of PEC transformations;12 however, it 
furthers the quantitative investigation of the impact of mesoscale surface inhomogeneities on ROS 
formation and reactivity. This opens the door to exploring how co-catalyst interactions and hybrid 
photoelectrocatalyst8, 13-15 systems influence electrochemical rate constants of adsorbate-mediated 
charge transfers. 
4.3 Experimental 
STO samples were prepared following the procedure thoroughly described in Appendix A. 
Briefly, single-crystal (100) STO (MTI Corp., 10×10×1 mm, 1 side polished, made in Japan) was 
etched with 7:1 buffered oxide for 30 s and then annealed at 1050 °C under a constant H2 flow to 
Figure 4.1: (A) In feedback mode SECM, the substrate cycles a 
mediator back to the tip. In competition mode, the substrate 
consumes the same species as the tip. (B) SI-SECM occurs in 
two steps: step 1 biases the substrate electrode to perform a 
catalytic reaction; step 2 generates a titrant at a UME to react 
with surface species. (C) Optical image of the milled pattern. 
(D) AFM image of the largest square (red box in (C)). 
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produce Ti-terminated STO with oxygen vacancies.16 Mott–Schottky measurements showed that 
these samples were n-doped with a majority carrier concentration of 2.71 × 1020 cm–3 (Table A.1). 
A rapid photoresponse was observed upon white light illumination, and IPCE measurements 
confirmed anodic photoactivity under UV illumination (Figure A.1). To create heterogeneities 
with controlled geometries, a gallium FIB milled the pattern in Figure 4.1C into the STO surface. 
AFM images (Figure 4.1D) showed that the patterned surfaces were 50 nm lower than the pristine 
STO surface. The RMS roughness of the milled areas was 3.03, somewhat higher than that of the 
pristine surface (2.59). All electrochemical measurements were done on a CHI920D SECM 
workstation (CH Instruments). For all experiments, a Ag/AgCl (3 M KCl) reference electrode was 
used, and a 1 mm diameter platinum wire was used as the counter electrode. PEC measurements 
used a 3-electrode configuration with STO as the working electrode. SECM experiments were 
performed with a 4-electrode configuration using either a 4 μm radius carbon fiber 
ultramicroelectrode (UME) or a 240 nm radius pyrolyzed carbon nanoelectrode prepared using 
previously described methods(10)17 as the working electrode and the STO as a second working 
electrode. Aqueous solutions were prepared in 100 mM borate buffer adjusted to pH 9.4 using 
NaOH. For all PEC measurements, a Xe arc lamp (6258 Oriel) illuminated the cell through an 
optical fiber. 
4.4 Results and Discussion 
4.4.1 SECM imaging 
SECM redox competition experiments, Figure 4.1A, revealed that FIB-milled patterns 
created on STO displayed a local decrease of photocatalytic activity. In this experiment, the SECM 
tip, positioned close to the unbiased and electrically isolated STO surface, competed for the 
reduction of bulk [Fe(CN)6]
3– to [Fe(CN)6]
4– at the inter-electrode gap. Since the standard 
 93 
 
reduction potential of the [Fe(CN)6]
3–/4– couple lies within the band gap of STO (Figure 4.2D), 
both h+ and e– can be transferred from the substrate to the mediator, even without external 
connections to the STO. The SECM tip current did not change in the dark, as the substrate was not 
active (Figure 4.2B). However, with the substrate free-standing at open circuit, illumination of the 
cell using white light decreased the observed [Fe(CN)6]
3– reduction current. Although significant 
diffusional broadening characteristic of the redox competition mode was observed, imaging the 
patterned substrate under these conditions revealed contrasting tip current between the patterned 
and pristine surfaces. The contrast aligned well with the pattern geometry (Figure 4.2A) and clearly 
displayed lower activity on features larger than the tip electrode. Illumination of the unbiased STO 
allows the mediator to equilibrate with the Fermi level of the semiconductor.18 In this system, 
[Fe(CN)6]
3– is reduced to make the Nernst potential of the redox couple equal to the Fermi level 
of STO. Thus, the substrate competes with the tip to reduce [Fe(CN)6]
3–, decreasing the tip current 
observed near the substrate. This decrease suggests decreased reductive kinetics on the patterned 
surface as shown in Figure 4.2C, although other possibilities can be probed. 
Reductive chemistry on [Fe(CN)6]
3–/4– at the free-standing STO substrate upon 
illumination requires a corresponding oxidation process. Possible oxidations include the re-
oxidation of [Fe(CN)6]4– to [Fe(CN)6]
3– through a process similar to current doubling,19 or the 
activation of water through oxygen evolution and the formation of intermediate ROS adsorbed on 
STO. These oxidations all have a common origin in reactive photogenerated h+, which surface to 
react with water or the redox mediator. Damage from FIB treatment could increase e––h+ 
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recombination or decrease local doping, concomitantly affecting the generation of h+. With this in 
mind, we explored differentiating the reactivity of oxidizing species at the STO surface. 
The chemical reactivity of photogenerated h+ can be isolated from that of adsorbed ROS 
by performing experiments in non-aqueous systems. In this case, we implemented SECM in the 
feedback mode using the O2/O2
•– pair as a redox mediator20 in dried N,N-dimethylformamide. The 
standard reduction potential of O2/O2
•– lies negative of the band edge of STO (Figure 4.2D). This 
prevents the substrate from reducing O2, so equilibration will not occur. However, local oxidation 
of tip-generated O2
•– will occur by interaction with photogenerated h+ at the surface of STO. 
Figure 4.2F shows that images taken by reducing O2 at the tip electrode again show no contrast 
from the pattern without light. With the substrate at open circuit and unbiased, the tip current 
increases upon illumination when the tip is close to the substrate. This is termed positive feedback 
in SECM theory and demonstrates that the substrate oxidizes O2
•– to O2. SECM images under these 
conditions show less positive feedback on the pattern (Figure 4.2E), again indicating lower activity 
Figure 4.2: SECM images of the patterned area with the substrate at open circuit using a carbon UME (a = 4 μm) 
positioned at L = 1 and biased to reduce the chosen mediator: Illuminated (A) and dark (B) 1 mM K3[Fe(CN)6] in 0.1 
M pH 9.3 borate buffer. Illuminated (E) and dark (F) 0.6 mM O2 and 0.1 M TBA·PF6 in DMF. Band diagram (D) and 
schematics illustrating the reactions occurring under illumination with the tip biased to reduce (C) [Fe(CN)6]3– or (G) 
O2 with the substrate at open circuit. A tilt-corrected version of (E) is available in Appendix A (Figure A.4). 
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at the patterned sites. Evaluating the SECM tip current revealed a change in local kinetics from kf = 
4.5 × 10–4 m2/s·mol for the pristine surface to kf = 2.5 × 10
–4m2/s·mol at the defective area. 
Together with experiments on the [Fe(CN)6]
3–/4– system, SECM feedback with O2/O2
•– confirmed 
that both e– and h+ reactivities at milled areas decrease with respect to the unmodified areas of the 
STO electrode. 
Changes in the near-surface physical and electronic structures of STO due to ion milling 
are likely causes of the lowered activity. A several nm thick damage region containing a mix of 
amorphous and crystalline structures is expected as a result of recrystallization after beam-induced 
heating and Ga implantation.21 Despite the post-milling etch step, some of this damage layer 
remains at the surface. Recrystallization allows relaxation of lattice defects from oxygen vacancies 
introduced during earlier processing. Using 30 kV accelerating voltage, Ga implantation is 
expected as far as 100 nm into the surface.22, 23 The increased secondary electron yield observed 
with low-voltage SEM (Figure A.2A) at areas patterned by the beam suggests that these areas have 
a lowered n-type character compared to unpatterned areas.24 Energy-dispersive X-ray 
spectroscopy on STO confirmed the presence of Ga at an FIB-milled area, but Ga was not detected 
on a pristine area (Figure A.2B-D). These measurements suggest that, in addition to disrupting the 
physical structure of the STO surface, ion milling decreased the n-type character of the patterned 
regions. Together, these changes make the patterned areas less active toward photo-assisted 
oxidations. 
4.4.2 Redox titrations 
We now turn to evaluating the reactivity of surface ROS. In the presence of water, adsorbed 
ROS will form on STO and remain persistently adsorbed after illumination is ceased in the absence 
of any reducing species. Adsorbed ROS play an important role in the selectivity and reactivity of 
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anodic oxidation processes, just like the ones used in water remediation schemes and pollutant 
photodegradation. A fundamental question is if the defective surface created by FIB will affect the 
reactivity and quantity of these oxygen species on the surface. SI-SECM is a transient variation of 
SECM feedback that is especially well-suited to answer this question.25, 26 In this technique, as 
shown in Figure 4.1B, a SECM tip positioned near a substrate activates a mediator in solution to 
titrate reactive species on the substrate. Regeneration of the mediator by reaction with surface 
species gives positive feedback at the tip. From this current, the amount of reactive surface 
adsorbates can be measured. Simulations can be used to identify the bimolecular rate constant (ksi) 
governing charge transfer from the surface species to the titrant.27 Recently, we demonstrated that 
simulations allow this technique to be applied at extended semiconducting surfaces.11 This work 
also showed that the titrated area is well defined and controllable, allowing spatially resolved 
titrations on heterogeneous surfaces. 
SI-SECM experiments were performed to understand whether the observed reactive 
heterogeneity corresponded to differences in adsorbed ROS coverage and reactivity. Titrations 
were performed in an aqueous solution of 50 μM [Fe(CN)6]3– to optimize titration length and 
minimize light absorbance by the solution. During step 1 (Figure 4.1A), the STO was illuminated 
and biased to a potential positive of its flat band potential to activate the water oxidation reaction. 
For each site, a series of substrate biases from −0.3 to 0.3 V was used during this step. Titrations 
of photogenerated intermediates were performed in step 2 by reducing [Fe(CN)6]
3– to generate 
[Fe(CN)6]
4– as the titrant. Background SI-SECM transients measured immediately after each 
titration used the same substrate bias for step 1, but were performed without illumination. These 
backgrounds were subtracted from the respective titrations of photogenerated species to provide 
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the interrogation currents used to extract 
reaction kinetics and surface coverage of 
ROS. Simulations used to fit experimental 
data followed the framework described in 
our previous publication.11 
Figure 4.3A shows interrogation 
transients measured using a 4 μm radius 
carbon UME positioned at a distance of one 
tip radius above the surface. Interrogation 
of the pattern was performed in the middle 
of the largest individual square (red box, 
Figure 4.1C), while interrogations of the 
pristine surface were performed far from 
the pattern. Interrogations over the pristine 
surface fit well to simulations with a 
bimolecular rate constant of ksi = 100 
m3/s·mol, and showed a mostly stable 
surface coverage of ROS across the range 
of potentials tested (Figure A.5). In 
contrast, FIB patterned areas showed much slower kinetics, fitting simulations with ksi = 10 
m3/s·mol. The limiting coverage of ROS on the patterned surface, 0.083 ± 0.015 C/m2, was more 
variable than on the pristine surface (0.05 ± 0.01 C/m2), but the difference was statistically 
insignificant. This result is intriguing, suggesting that despite a lower activity of h+, the surface 
Figure 4.3: (A) SI-SECM titrations with an UME using 
[Fe(CN)6]3–/4– after a photocatalytic step with the STO biased to 
+0.3 V vs Ag/AgCl and the simulated fits. Experimental data 
fit simulations using ksi = 10 or 100 m3/mol·s for the patterned 
and pristine surface, respectively. (B) SEM image of a 
pyrolyzed carbon nanoelectrode used here. SI-SECM transients 
taken with a nanoelectrode (a = 250 nm) after photocatalytic 
steps on the pristine surface (C) fit well to ksi = 300 m3/mol·s, 
but those at the pattern (D) fit ksi = 5 m3/mol·s. 
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coverage was comparable. Thus, there is intrinsically lower reactivity in the FIB damaged area. 
To discard the possibility that spatial variations affected the SI-SECM measurement, we 
dramatically increased our spatial resolution by introducing for the first time SI-SECM using 
nanoelectrodes. 
To better differentiate adsorbate reactivity at the pristine or patterned surfaces, the same 
SI-SECM procedures were implemented using a carbon nanoelectrode tip (a = 240 nm, Figure 
4.3B).  Figure 4.3C shows interrogations performed above the pristine surface using the 
nanoelectrode and corresponding simulations that fit a bimolecular rate constant of ksi = 300 
m3/s·mol. These show a significantly better fit to simulated data than titrations with an UME. We 
think these better fits are likely due to less interference from tip electrode charging current and less 
heterogeneity in the interrogated area due to the smaller tip size (Figure A.6). In addition, the 
higher measured rate constant is likely due to the smaller tip–substrate distance allowing us to 
better challenge the fast kinetics of the bimolecular reaction at the substrate (ket ≈ ksiΓA° ≈ 0.1 
cm/s). However, Figure 4.3D shows surface interrogations using the nanoelectrode on the pattern, 
and these fit to ksi = 5 m
3/s·mol, lower than observed with the UME. 
4.5 Conclusions 
This paper demonstrates the first application of redox nanotitrations by SI-SECM to 
characterize reactivity of adsorbed intermediates on a heterogeneous surface. Using a 240 nm 
radius nanoelectrode, we measured bimolecular rate constants for the reaction between our titrant 
and adsorbate of ksi = 300 and 5 m
3/s·mol on the pristine and defective surfaces, respectively. The 
dramatic difference in these rate constants shows that the modifications made to the surface 
directly influence the reactivity of photogenerated ROS. The observed differences seem to derive 
not only from changes in the PEC efficiency of different adsorbate species but also from changes 
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in bonding energies at catalytic sites or other substrate–adsorbate interactions, currently under 
investigation in our laboratory. 
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CHAPTER 5: INVESTIGATION OF SURFACE INTERMEDIATES OF WATER 
OXIDATION ON HEMATITE USING SI-SECM 
5.1 Abstract 
Hematite is a promising photoanode for solar driven water splitting that underperforms due 
to the slow reactivity of photo generated surface species critical to the oxidation of water to 
oxygen.  Here, we use redox titrations in the Surface Interrogation mode of Scanning 
Electrochemical Microscopy (SI-SECM) to quantitatively probe in situ the reactivity and time 
evolution of surface species formed on hematite during photo assisted water oxidation. Using SI-
SECM, two distinct populations of oxidizing surface species were resolved with measured ksi of 
316 m3/(mol·s) and 2 m3/(mol·s) the more and less reactive species respectively. While the surface 
coverage of both species was found to increase as a function of applied bias, the rate constants did 
not change appreciably, suggesting that the mechanism of water oxidation is independent of bias 
potential. In the absence of driving forces, both populations exhibit decay that is well described by 
second order kinetics, with kd values of 1.2×10
5 ± +0.2×105 and 6.3×103 ± 0.9×103 m2/(mol·s) for 
the fast and slow reacting adsorbates, respectively. Using transient substrate generation/ tip 
collection mode, we detected the evolution of as much as 1.0 mol/m2 of hydrogen peroxide during 
this decay process. By deconvoluting the reactivity of multiple adsorbed reactants, these 
experiments demonstrate how SI-SECM enables direct observation by SECM of parasitic 
processes on operating photoelectrodes. 
5.2 Introduction 
Hematite is a promising photoanode for solar driven water splitting because of its narrow 
band gap, chemical stability and elemental abundance.1, 2 However, even the best performing 
hematite photocatalysts exhibit efficiencies far below the theoretical maximum.3 Slow water 
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oxidation kinetics that can take seconds to complete a full catalytic cycle are a major factor 
contributing to its poor performance.4 Photocatalytic water oxidation is a complex four electron 
transfer process that proceeds through reactive surface states (RSS) of hematite. These surface 
states are often reactive oxygen species (ROS) that are direct intermediates of the water oxidation 
reaction, but these states can also be parasitic surface species that trap holes and serve as 
recombination centers.4 Because ROS are crucial to the water oxidation reaction, elucidating the 
nature of ROS is vital for the success of strategies aimed at enhancing hematite’s photocatalytic 
performance. 
 Previous studies utilizing photoelectrochemical impedance spectroscopy,5 6, 7 transient 
absorption spectroscopy,8-10 intensity modulated photocurrent spectroscopy,11-13 and infrared 
spectroscopy14 have shown a strong correlation between photocurrent and the accumulation of 
surface states. These techniques lack selectivity for surface species, provide limited quantification 
of coverage, and can provide no direct measurement of reactivity. Scanning electrochemical 
microscopy (SECM) is a versatile platform often used in the characterization of electrocatalysts 
and photocatalysts to collect products15, 16 or measure electron transfer kinetics.17, 18 Recently, the 
surface interrogation mode of SECM (SI-SECM) was introduced to probe reactive intermediates 
at catalytic surfaces, 19 and we have since demonstrated its use for detection of ROS on operating 
photoelectrode surfaces.20, 21 
SI-SECM is performed in two steps, as shown in Figure 5.1A. In the first step, light and/or 
external bias are applied to the substrate to initiate catalysis and populate the surface with 
intermediates. After this, the driving force is removed and a small tip electrode positioned close to 
the surface is activated to generate a titrant in situ from a mediator in solution. This diffuses to the 
substrate and reacts with redox-active surface species. This regenerates the mediator, producing a 
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transient positive feedback current, shown in Figure 5.1B, that decays as the surface species are 
consumed. A background signal, where no catalysis occurs, is recorded by repeating the 
experiment without illuminating the substrate. Background subtraction removes contributions 
from charging current, other solution processes, and any non PEC surface process from the tip 
current. Because it is selective to surface species, quantitative for both surface coverage and 
reactivity, and operates over the large range of spatial and temporal scales relevant to the kinetics 
of water oxidation,20 SI-SECM is ideal for studying the role of water oxidation intermediates 
formed on hematite. 
Here, we use the multimodal functionality of SECM to investigate the role of RSS in the 
chemistry of water oxidation on thin film samples of hematite. Two distinct populations of 
photogenerated RSS were identified by their drastically differing reaction kinetics with our titrant 
species. Both species show potential-dependent coverages that increase proportionally with 
photocurrent, suggesting that both are related to water oxidation activity on the hematite surface. 
Delayed titrations showed that both populations decayed over time following second order kinetics 
with rate constants differing by an order of magnitude. These results prompted transient collection 
Figure 5.1: (A) Schematic of SI-SECM. In the first step, the substrate is activated through illumination and/or external 
bias to initiate catalysis, generating adsorbed intermediates. The probe remains inactive. In the second step, bias and 
illumination are removed so PEC processes cease at the substrate. The SECM probe is biased to activate an 
electrochemical mediator which diffuses to the surface and titrates the adsorbate in situ. (B) Titration of adsorbate 
generates a transient feedback loop of mediator which is recorded by the tip as a current signal. A dark run is performed 
for background subtraction to produce the interrogation current. 
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experiments that detected small quantities of H2O2 generated during the decay of these species, 
which can be from disproportionation reactions between hydroxyl radicals on the surface. As oxo 
species are considered to be the primary intermediate in water oxidation on hematite, these results 
underscore how side reactions contribute to the low efficiency of hematite photoanodes. 
5.3 Materials and Methods 
5.3.1 Chemicals 
Fluorine doped tin oxide (FTO) coated glass slides (Rs<= 14 Ω) were purchased from Delta 
Technologies, Limited. Acetone (99.5%, Sigma-Aldrich), chromatography grade water (Macron, 
ChromAR), and ethanol (Anhydrous, Decon Labs, Inc.) were used without further purification. 
Ferric chloride (anhydrous 98% Aldrich Chemical Company), titanium butoxide (Sigma-Aldrich), 
and hydrochloric acid (37.2% Fisher Scientific), potassium ferricyanide (99% Fisher Scientific), 
boric acid (99.5% Fisher Scientific), and sodium hydroxide (97% Fisher Scientific) were used as 
received. Gold and platinum wires for SECM tip fabrication were purchased from Goodfellow 
(Corapolis, PA), while carbon fibers were purchased for Alfa Aesar. 
5.3.2 Preparation of hematite electrodes 
Hematite photoanodes were fabricated using methods adapted from Wang et. al.22 Briefly, 
FTO coated slides were cleaned by sonication for 10 minutes each in acetone, chromatography 
grade water, and ethanol. Then, an ethanol solution of 10 mM FeCl3, 1 mM titanium butoxide, and 
40 mM HCl was prepared and drop deposited onto the FTO substrate. After 30 seconds, excess 
solution was blown off the FTO surface with compressed air, and the substrate was placed on a 
hot plate at 350 ⁰C to anneal for 5 minutes. This deposition annealing cycle was repeated 14 times 
to produce the necessary film thickness. Finally, the substrate was then further annealed in a tube 
furnace (MTF 12/38/400, Carbolite) at 550 ⁰C for 4 hours to produce the final hematite sample. 
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Electrical connection was made by applying copper tape to the portion of the FTO that was left 
free of hematite.  
5.3.3 Electrochemical measurements  
All electrochemical measurements were performed on either a CHI760 potentiostat or a 
CHI920D SECM (CHInstruments). Hematite photoanodes were mounted in a custom made SECM 
cell which leaves a 0.35 cm2 area of the hematite substrate electrode exposed to electrolyte. For all 
experiments, an agar bridged 3 M KCl Ag/AgCl electrode was used as the reference electrode, and 
potentials reported here will be against this reference unless otherwise noted. A 1 mm diameter Pt 
wire was used as the counter. SECM experiments used a carbon, gold, or platinum disk electrode 
sealed in a glass capillary (Sutter, Inc) as the primary working electrode and the hematite substrate 
as the secondary working electrode. The disk electrodes were fabricated from Au or Pt wires or 
carbon fibers by traditional methods.23 Tip electrodes were positioned above the substrate using 
atmospheric oxygen or the ferri/ferrocyanide ([Fe(CN)6]
3-/4-) couple to perform negative feedback 
approach curves that were fit to established theory.24 SI-SECM experiments utilized a carbon disk 
(a = 4 µm) biased to 0 V to perform diffusion limited reduction of potassium ferricyanide (0.2 
mM) in a 100 mM borate buffer adjusted to a pH of 9.3 by the addition of NaOH. Hydrogen 
peroxide (H2O2) collection experiments were performed in 100 mM borate buffer (pH 9.3) with a 
12.5 µm radius (a) Pt tip biased to +0.4 V to perform diffusion limited oxidation of H2O2. 
The hematite substrate was illuminated by a 300 W Xe lamp (6258 Oriel) with nearly 
constant irradiance of 40 mW m−2 nm−1 in the 300 nm to 800 nm range. Illumination was delivered 
from the backside of the substrate to prevent light absorption by the electrolyte and ensure uniform 
illumination of the substrate. Light was directed from the lamp by an optical fiber cable and 
collimated by a 25mm convex lens as it exited the cable, at which point it had an illumination 
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intensity of 122 mW/cm2. It was then reflected off a 45° mirror (ThorLabs CM1F01) into a 10x 
objective lens which focused the light through the FTO coated glass and onto the hematite 
substrate. For measurements using white light, the output from the lamp was unfiltered, but for 
measurements using visible light, lamp output was filtered using a longpass (T<0.1% for λ<405 
nm) filter. An Oriel Cornerstone 130 monochromator (Newport) was used to monochromate lamp 
output for the photoaction spectra and incident photoconversion efficiency (IPCE) measurements.  
5.3.4 Numerical simulations  
Finite element simulations were performed using COMSOL v4.4 (COMSOL, Inc.). The 
framework for the surface interrogation simulations has been described in detail elsewhere.20 This 
framework was modified to simulate two species in the Surface Reactions Module (SRM) with 
separate individual parameters for the ksi and coverage of each. Oxygen collection transients were 
simulated using the Transport of Diluted Species Module (TDSM).  
5.4 Results and Discussion 
5.4.1 Bulk photoelectrochemistry 
The titanium doped hematite samples (Ti-Fe2O3) exhibited photocatalytic oxygen 
evolution activity under both UV and visible illumination. As shown in Figure 5.2A, cyclic 
voltammograms (CVs) of the Ti-Fe2O3 electrodes recorded in 0.1 M NaOH without illumination 
produced little Faradaic current until +0.85 V. In contrast, CVs under white light illumination 
shows an onset potential for water oxidation around +0.3 V. As the spot size of our incident light 
has a radius of approximately 0.05 cm, the current densities we measured are comparable to those 
reported in the literature.22 Figure 5.2B shows the oxygen reduction current measured at a Au disk 
electrode (a=12.5 µm) positioned 0.9 tip radii (L) from the Ti-Fe2O3 surface as a function of the 
substrate potential during the CVs in Figure 5.2A. In the dark, no oxygen is detected until the 
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substrate reaches +0.85 V, consistent with our bulk voltammetry. When the substrate is 
illuminated, we clearly see during the forward sweep that the oxygen reduction current closely 
follows the substrate current. In the backward sweep, tip current decreases less rapidly than the 
substrate current because of the buildup of O2 generated in the forward sweep. Simulations of this 
system (SI) show that given our estimated current densities, at least 90% of the substrate current 
would be from the oxidation of water to oxygen. Together, these data show that these Ti-Fe2O3 
electrodes perform reasonably well as water splitting photoanodes using either white or visible 
light.  
To better characterize the photogenerated intermediates during water oxidation on Ti-
Fe2O3, we used a potential step-sweep function adapted from Klahr, et al.
7 In this technique, we 
first generate RSS by activating the hematite substrate with illumination and an activating bias. 
Once steady state water oxidation is achieved, illumination is removed and the substrate is quickly 
scanned negatively to reduce surface species generated in the previous step. As shown in Figure 
5.3A, the cathodic scan produces a reduction peak centered around +0.3 V for all activating 
potentials. A second reduction peak around +1.0 V appears at activating potentials above +0.9 V. 
Figure 5.2: (A) Cyclic voltammograms of a Ti-Fe2O3 electrode in the dark (black curve) and under Illumination (red 
curve) recorded in 0.1 M NaOH. (B) Current recorded by a 12.5 μm radius Pt electrode positioned close to the surface 
and biased at -0.4 V to reduce oxygen during the substrate CVs shown in A. 
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Plotting the observed peak currents versus the scan rate, as shown in Figure 5.3B, produces a linear 
relationship, indicating that both reductions are surface processes. Both peaks increased in size 
when a more positive bias was used during the potential step. The total charge collected from the 
sweep reached a limiting value of 5.5 µC at high biases and long illumination times, which 
corresponds to a coverage of 6.4 C/m2, based on our illuminated area. However, we were unable 
to decouple the contributions from each peak and this estimate is likely lower than the actual 
limiting coverage because not all of the more negative peak can be recorded before hydrogen 
evolution begins. Together, these behaviors suggest that the two peaks may be reductions of 
photogenerated intermediates formed on the hematite surface during water oxidation.7 The RSS 
reduced at +1.0 V likely has a higher activation energy than the RSS reduced at +0.3 V and 
therefore attains a high coverage only at more activating bias, while the second species is formed 
more easily. These measurements provide some evidence that photoassisted water oxidation on 
hematite may include multiple intermediates, but it is necessary to unambiguously distinguish 
these populations of RSS to understand their implications for the performance of hematite 
photoanodes. 
Figure 5.3: (A) Cathodic scans after activating the hematite substrate at the indicated bias under white light 
illumination. Peaks appear as surface species are being reduced. (B) Peak current exhibits a linear dependence on scan 
rate, confirming this is a surface process.  
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5.4.2 Surface interrogations of reactive intermediates 
Having characterized the photocatalytic activity of our Ti-Fe2O3 we turn to SI-SECM to 
correlate these results with the reactivity and coverage of RSS. A representative interrogation 
current recorded after performing the oxygen evolution reaction while biasing the substrate at 0.9 
V is shown alongside simulated data in Figure 5.4A. The initial rise of the interrogation current 
appears due to the establishment of the positive feedback loop depicted in Figure 5.1A. The 
magnitude of this feedback quickly begins to decay as reactive adsorbates closest to the tip are 
consumed, causing the interrogation current to decrease as the titration continues. At longer time 
scales (ca. 1 s) a shoulder appears in the data that is incompatible with the expected interrogation 
current for a titration of one species with a characteristic ksi. As shown in Figure 5.4A, simulated 
interrogations of a single species have one characteristic peak, after which they monotonically 
decrease to zero. A shoulder such as this only appears in simulated interrogations when a second 
reactive adsorbed species with a ksi differing by at least a factor of 10 is present on the surface. It 
is important to note that this additional species may in fact have the same chemical identity as the 
Figure 5.4: (A) Experimental interrogation current collected after a bias of 0.9 V (blue line). Best fits modeled with 
a single fast reacting species (up triangles), with a single slow reacting species (down triangle), and a linear 
combination of the two (red circles), are overlaid. (B) Best fits to experimental data using the two species model for 
a range of activating potentials. Satisfactory fitting of experimental data is achieved over several orders of magnitude 
in time. 
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first, but may be reacting at a different rate due 
to interaction with the substrate.21 Adding this 
second species to our simulations allowed us to 
obtain reasonable agreement between our 
experimental and simulated results in all cases. 
A better fit might have been obtained by 
increasing the number of simulated species, but 
we believe that the experimentally observed 
peaks are not resolved enough to justify increasing the number of species beyond two. However, 
this two-species model allows us to quantify both the coverage and reactivity of two reactive 
intermediates from a single interrogation.  
Interrogation currents and simulated fits are shown in Figure 5.4B for a series of 
measurements using increasingly positive substrate biases during the photocatalytic step. It is 
immediately apparent that the observed feedback increases as the substrate is further activated to 
perform water oxidation, but that the interrogation current peaks and shoulders occur at similar 
times at all potentials. All of these fit well to our two-species model, from which we were able to 
extract the surface coverages (Q1 and Q2) and reactivities (ksi1 and ksi2) for the fast reacting (Species 
1) and slow reacting (Species 2) species shown in Table 1. The data show that although the 
coverage of both surface species increases with increasing substrate activation, their reactivity 
remains constant within this potential range. We believe that this trend suggests that the 
mechanism of water oxidation does not change between these potentials, and that changes in 
photocurrent are primarily a function of the surface coverage of intermediates. This is further 
supported by the data in Figure 5.5, which plots both the total surface coverage and substrate 
Figure 5.5: Total charge collected by SI-SECM (blue 
circles) overlaid on a J(V) curve of Hematite (black line). 
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photocurrent measured using white or visible light illumination against substrate bias potential. 
The differences in coverage between visible and white light illumination correlate well to the 
differences in integrated IPCE for the ranges of light in either experiment, again supporting our 
hypothesis that these are photogenerated intermediates. All of these relationships strongly suggest 
that the species we are titrating are intermediates of the water oxidation reaction.   
Table 5.1: Surface coverage of Species 1, Q1, and Species 2, Q2, at different activating potentials and illumination 
conditions. 
Substrate Bias 0.5 V 0.7 V 0.8 V 0.9 V 1.0 V 1.1 V ksi (m
3/mol·s) 
Q1 
(C/m2) 
UV/Vis 0.01 0.035 0.07 0.14 0.38 0.85 316 
Vis Only 0.02 0.04 0.04 0.02 0.03 
 
316 
Q2 
(C/m2) 
UV/Vis 0.1 0.6 1.5 3.2 4.9 6.4 2 
Vis Only 0.2 0.3 0.4 0.4 0.5 
 
2 
 
 Our detection of differing reactivities can be the result of having RSS that are two distinct 
chemical species adsorbed to the surface that react with our mediator at different rates. However, 
this observation could also be due to substrate-adsorbate interactions modulating the kinetics of a 
single adsorbed species and changing the observed kinetics. As SI-SECM is not chemically 
specific, we require complementary information to differentiate these possibilities. The most well 
characterized metal oxide photocatalyst, TiO2, is well known to produce hydroxyl radicals (•OH) 
that are critical to many photocatalytic functions of TiO2.
25, 2627 The identity of oxidizing species 
formed on hematite during photoactivity are less well characterized.2 As the reactivity of Species 
1 is reasonably close to what has been observed before for ROS on TiO2 and SrTiO3, we 
investigated the possibility that •OH(ads) was one of the species we detected.  
The rate at which intermediates decay on a reactive surface can be measured using SI-
SECM by introducing a delay between the substrate activation and tip titration steps of the 
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experiment. This allows us to measure the coverage of intermediates as a function of delay time. 
Previous SI-SECM studies have used this to study the decay of photogenerated surface species on 
TiO2
28 and W/Mo-BiVO4.
29 Decay kinetics observed in both of these cases fit well to second order 
reaction kinetics, and as such were attributed to the dimerization of •OH to form H2O2. Shown in 
Figure 5.6A are delayed interrogations performed on a Ti-Fe2O3 sample after photocatalytic steps 
with a substrate biases of 0.9 to 1.1 V. The surface coverages of both species are extracted from 
this data and plotted as a function of delay time in accordance with first and second order integrated 
rate law in Figure 10B. The decreasing coverages fit well to second order decay kinetics for all of 
these potentials, but lower potentials are not included because the interrogation signals were too 
low to reliably extract coverages at long delay times.  Species 1 and 2 fit well to a second order 
decay constants (kd) of 1.2×10
5 ± +0.2×105 and 6.3×103 ± 0.9×103 m2/(mol·s), respectively. The 
decay rate for species 2 is close to that reported by the Bard group previously for decay of reactive 
surface species on TiO2
28and BiVO4
29 microelectrodes. Decay kinetics observed on W/Mo-BiVO4 
and TiO2 were attributed to the dimerization of •OH to form H2O2. We seek further evidence of 
this reaction by probing for H2O2 generation near the surface of our Hematite sample.  
Figure 5.6: (A) Surface interrogations recorded after a delay that followed substrate activation at 0.9 V vs Ag/AgCl 
for 40 s show a decreasing interrogation current as the delay increases. (B) Coverages of species 1 and 2 as a function 
of delay time fit to second order kinetics. The plotted fits give the disproportionation kinetics as kd1=1.2×105 ± 0.2×105 
and kd2=6.3×103 ± 0.9×103 m2/(mol·s). 
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The detection of hydrogen peroxide has 
previously been used as an indirect verification for 
the presence of •OH(ads) in other photocatalytic 
systems.30 Many of these studies rely on 
colorimetric methods involving the addition of a 
colorimetric31 or fluorescent32 indicator to the 
solution. Many indicators can be oxidized by 
species other than H2O2, or reduced by conduction 
band electrons when illumination is removed.27 We 
therefore turn to a transient application of the 
SG/TC mode of SECM to electrochemically detect 
peroxide. Tip collection is ideal for the 
quantification of H2O2 formed after photocatalysis 
because itis selective towards solution species, can 
detect small amounts of product, and has the 
temporal resolution needed to detect transient 
generation of hydrogen peroxide.33   As shown in 
Figure 5.7A, any •OH(ads) from the water oxidation reaction that reacts to form H2O2, can be 
detected when it is oxidized at the probe electrode. The resulting current magnitude can be used to 
quantify the amount of H2O2 generated at the substrate.  
Figure 5.7: (A) Schematic of the tip collection step of 
transient hydrogen peroxide collection experiments. 
(B)Tip current as a function of time during a transient 
substrate generation tip collection experiment. In this 
setup, a 12.5 m tip electrode is positioned 10 m 
from the surface and biased at 0.40 V for the duration 
of the experiment. The substrate is activated to 
perform steady state water oxidation for the first 40 
seconds. Substrate illumination and bias are removed 
after 40 seconds while continuing to record tip current. 
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 A typical result of the transient SG/TC experiment is shown in Figure 5.7B. For the first 
40 seconds, the Hematite is activated with bias and illumination to perform steady state water 
oxidation. The tip registers only a small background current during this time. After 40 seconds, 
illumination is removed to halt substrate activity. The tip response is an initial spike in oxidative 
current which quickly decays to the same background level as before. The fact that background 
current levels are identical during and after substrate activity indicates this background current is 
not a result of products from photocatalytic reactions at the hematite surface. This implies H2O2 is 
not produced as part of a parasitic side 
reaction during electrode operation. The 
spike in current is presumably collection of 
H2O2 produced by the decay of unconsumed 
•OH(ads). Integration of this peak using the 
background current as a baseline provides 
the charge collected by the tip. At a +0.9 V 
substrate bias, 82 pC of hydrogen peroxide 
was collected. Given a probe electrode area 
of 491 m2, if a collection efficiency of 
100% is assumed, we calculate a minimum needed surface coverage of 0.17 C/m2 of •OH(ads). This 
value is very close to the value of Γ1 (0.14 C/m2) measured via SI-SECM for this bias potential, 
but far lower than what is predicted for Species 2. However, in our control experiments detecting 
H2O2 in solution, observed currents at these potentials could be as low as 10% of the expected 
steady state current (Appendix B), which may result in this small current falling below noise too 
rapidly to detect much of the hydrogen peroxide.  
Figure 5.8: A comparison of the surface coverage of Species 1 
as determined by SI-SECM and the surface coverage of H2O2 
producing species as estimated from transient SG/TC 
measurements. 
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The total charge of H2O2 measured at other bias potentials by transient SG/TC are shown 
in Figure 5.8 alongside the coverage of Species 1 from Table 5.1. This graph demonstrates an 
excellent correlation between surface coverages measurements made through SI-SECM that only 
deviates at high potentials, where the electrocatalytic activity of the substrate significantly 
contributes to observed current. Despite these deviations, the correlation between our transient 
SG/TC experiments and our SI-SECM measurements provides strong evidence for the presence of 
•OH(ads) that undergoes decomposition to H2O2 on these hematite photoanodes.  
5.5 Conclusions 
 SI-SECM was used to quantify the coverage and reactivity of ROS at operating hematite 
photoanodes. Fitting of the current response indicated the coexistence of 2 distinct populations of 
surface species reacting with individual rate constants. These interrogation rate constants did not 
change as a function of substrate activation, showing the identity of ROS does not change with 
increasing bias. The decay of these species was found to follow a second order process. Hydrogen 
peroxide was identified as a likely product of this decay using a transient SG/TC mode of SECM. 
The charge collected by SG/TC SECM correlates well to that obtained for one of the 2 species 
obtained by SI-SECM. This provides strong evidence for the existence of the •OH(ads) intermediate 
on Hematite electrodes. Confirmation of the of •OH(ads), and the identification of the second 
population of surface species remains an open challenge, however, the results provided herein 
represents a step towards a better understanding of water oxidation on hematite. 
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CHAPTER 6: PIEZOELECTRIC SUPPORTS FOR THE MODULATION OF SURFACE 
REACTIVITY OF PLATINUM THIN FILMS VIA INDUCED STRAIN 
6.1 Abstract 
In order further expand our capabilities to investigate structure‒function relationships on 
surfaces, we have recently developed piezoelectric supports for thin-film electrocatalysts that 
allow us to dynamically change surface reactivity in situ. These supports deform under an applied 
electric field, which allows them to modulate surface structure by inducing strain in the catalyst 
film. The induced strain changes the binding energies of adsorbed intermediates. We demonstrate 
that these supports reversibly change the behavior of films of platinum 8 nm thick performing the 
oxygen reduction reaction in aqueous acidic media. Using cyclic voltammetry, we observe a 
distinct current peak at potentials associated with activation of the oxygen reduction reaction that 
dynamically responds to deformation of the support as well less distinct differences in the current 
throughout potentials in the psuedocapacitive region. X-ray diffraction measurements indicate that 
piezoelectric actuation causes nonuniform deformation of the platinum layer. These results 
encourage further exploration of piezoelectric supports as tools for dynamic modulation of surface 
reactivity that enable high-throughput exploration of several surface configurations for 
electrocatalysts to find optimal reactivity. 
6.2 Introduction 
Strain is the deformation of a material from its equilibrium structure due to an applied 
stress, and this deformation can cause profound changes to the physical and electronic properties 
of strained materials.1, 2 Strain engineering is an emerging concept that leverages changes caused 
by built-in epitaxial or substitutional stress to tailor electronic properties of materials for specific 
applications.3-5 Recently, strain induced by non-epitaxial interfaces,6-8 alloying,9, 10 and 
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nanostructuring11-13 has shown promise for improving the activity of platinum as an oxygen 
reduction reaction (ORR) electrocatalyst. Discovery of optimal surface configurations using these 
methods for inducing strain is labor intensive and time consuming, as a discrete sample must be 
individually synthesized and characterized to provide a single measurement that correlates strain 
with electrocatalytic activity. Beyond limiting the available spectrum of strains to discrete points, 
such static measurements are unable to reproduce dynamic strain conditions caused by adsorption 
during electrocatalysis.14, 15 
The four-electron ORR to water is the more complex of the two half-cell reactions in a 
hydrogen fuel cell. A general mechanism for the four electron ORR on metal surfaces involves 
three steps, starting with adsorption of oxygen to the metal to form an adsorbed superoxide species 
(Eq. 6.1).16 This is followed by breaking of the oxygen-oxygen bond to form adsorbed hydroxyls 
(Eq. 6.2). Finally, these hydroxyls are reduced to water, which desorbs from the surface (Eq. 6.3).  
 𝑂2 + 𝐻
+ + 𝑒− ⇄ 𝑂𝑂𝐻𝑎𝑑𝑠 Equation 6.1 
 𝑂𝑂𝐻𝑎𝑑𝑠 + 𝐻
+ + 𝑒− ⇄ 2𝑂𝐻𝑎𝑑𝑠 Equation 6.2 
 𝑂𝐻𝑎𝑑𝑠 + 𝐻
+ + 𝑒− ⇄ 𝐻2𝑂 Equation 6.3 
  The favorability of the adsorption and desorption steps is strongly dependent on the free 
energy of oxygen adsorption (ΔG(Oads)) to the surface, as the adsorption energies of both the 
superoxide and hydroxyl species are a function of this parameter.17, 18 This creates a scaling 
relationship where any catalyst that binds oxygen strongly will perform (Eq. 6.1) well and (Eq. 
6.3) poorly, while the opposite must be true for a catalyst that binds oxygen weakly. However, 
even when ΔG(Oads) is at the optimum value to balance both steps, these scaling relationships 
result in a ~0.4 eV activation barrier to the ORR, meaning that a 0.4 V overpotential would have 
to be applied to drive electrocatalytic ORR at any current density.16 This energy loss is nearly one 
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third of the energy provided by hydrogen 
fuel cells, so any strategy to eliminate 
this activation barrier would significantly 
improve the performance of hydrogen 
fuel cells. 
Strain changes the reactivity of 
metals by changing the positioning of d 
states around the Fermi level.18, 19 This 
changes the adsorption energies of species binding to the surface, so strain can be used to tune 
ΔG(Oads).20 Here, we introduce piezoelectric supports that allow us to reversibly strain thin 
electrocatalyst films to rapidly discover ideal surface configurations for catalyst performance.  
These supports not only facilitate rapid testing of several strain conditions, but even allow 
measurements to be taken along a continuous spectrum of strained surfaces to find new synergistic 
effects. With modulations performed on catalytically relevant time scales, these supports even 
provide a strategy to circumvent the thermodynamic limitations generally encountered by metal 
catalysts for the ORR.  
6.3 Results and Discussion 
Shown in Figure 6.1 is the exploded structure of a single device prepared following the 
procedures outlined in Device Fabrication. Piezoelectric substrates for these devices are 
commercially available lithium niobate (LiNbO3) single crystals cut to expose either the Y or Z 
face of the crystal as the large face. The palladium-gold (Pd/Au) interdigitated array (IDA) 
electrodes patterned on the back of the piezoelectric crystal are positioned to have 30 μm spaces 
between alternating digits. Close spacing of these digits allows a large electric field to be applied 
Figure 6.1: Exploded view of the device structure used in these 
experiments. 
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using a moderate electric field generated 
using the waveform generator and 40x 
voltage multiplier circuit described in the 
Methods section.  With a 1 V input signal 
to the voltage multiplier circuit, we 
generate a 1.3 MV m-1 field between digits 
of the IDA, which should generate as much 
as 0.46% lattice strain in the d33 mode. A 
similar magnitude of lattice distortion has previously been shown to modulate the surface reactivity 
of platinum for the ORR,8 so these supports should be sufficient for these experiments, provided 
that this distortion can be transmitted to a supported catalyst. 
The opposite face of these devices features 8 individually addressable platinum leads that 
each have multiple circular microelectrodes exposed to solution. These leads are electronically 
isolated from the underlying LiNbO3 crystal by a layer of atomic layer deposited titanium dioxide 
(TiO2) that is ~10 nm thick. X-ray diffraction measurements (Figure 6.2) confirm both the presence 
platinum supported on the LiNbO3 single crystal. Both species are preferentially oriented, as is. 
The platinum layer is preferentially oriented, evidenced by the limited number of peaks that we 
observe: only the (111) and (222) peaks are observed at 40.0° and 86.0°, respectively. The intense 
peak at 62.6° corresponds to the (300) plane of LiNbO3; no other LiNbO3 peaks are seen, indicating a 
Figure 6.2: XRD peaks of the fabricated device. 
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single crystal cut along a specifically diffracting plane (in this case, Y-cut).  Additionally, no peaks 
corresponding to Pd/Au, In, or Cu are observed, indicating that no signal is observed from the IDA 
deposited on the bottom of the substrate. 
Prior to electrochemical characterization, Pt leads are conditioned in an argon-purged 
aqueous solution of 10 mM sulfuric acid with 100 mM sodium sulfate as a supporting electrolyte. 
Conditioning is achieved by cycling the electrode potential (EPt) between the onset potentials of 
the oxygen and hydrogen evolution reactions at 1 V/s until a stable voltammogram is obtained. 
Figure 6.3A shows the cathodic (negative) and anodic (positive) sweeps of a typical conditioned 
voltammogram at the end of this process.  Negative of +0.3 V vs. Pd/H2, hydrogen adsorption and 
desorption peaks are present in the cathodic and anodic sweeps, respectively. These peaks are 
typical for polycrystalline platinum, and serve to confirm the high quality of the conditioned Pt 
electrodes. Also visible in the cathodic sweep is a peak at ~+0.6 V, which corresponds to reduction 
of the oxide that is formed at potentials positive of +0.8 V during anodic sweeps. Less apparent in 
the cathodic sweep is the ORR wave, which begins at ~+0.95 V. The ORR wave is more visible 
in Figure 6.3B, which shows voltammograms taken at 20 mV/s within the potential window of 0.0 
Figure 6.3: Cyclic voltammograms taken in aqueous 10 mM H2SO4 and 100 mM Na2SO4. (A) A stabilized 
conditioning voltammogram taken with a scan rate of 1 V/s. (B) Representative voltammograms used to characterize 
changes in ORR activity taken with a scan rate of 20 mV/s. 
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to +1.0 V vs. Pd/H2 in Ar-purged and O2-purged solutions. This potential range forms less oxide, 
so the ORR wave is less obscured by the oxide reduction peak. These measurements better isolate 
the ORR activity of these electrodes and fully reduce any oxide formed on the surface between 
cycles. The onset potential of the ORR wave in these measurements shows that these electrodes 
perform the ORR at potentials expected of polycrystalline Pt and that these devices are stable over 
many cycles.  
Following surface conditioning, cyclic voltammetry is used to study the impact of 
piezoelectric actuation on electrocatalyst performance. The platinum electrode is cycled using the 
same conditions as in the ORR voltammogram shown in Figure 6.3B while applying an electric 
field (E) of +1.3 MV/m across the bottom IDA on odd cycles. Figure 6.4 shows a graphical 
representation of the potential and field applied to the Pt electrode and the IDA, respectively. The 
cycles without piezoelectric actuation are subtracted from the cycles with piezo actuation to show 
only changes caused by actuating the 
support, the results of which are shown in 
Figures 6.5A and 6.5B. Traces labelled as 
“Off” were measured under the same 
conditions and have been subjected to the 
same background subtraction, but did not 
have an electric field applied across the IDA 
during any cycles. These act as a control to show that any observed changes are not due to potential 
drift, electrode fouling, or changing oxygen concentration over time. These voltammograms show 
Figure 6.4: Diagram of the potential applied to the platinum 
electrode (solid lines) and electric field applied across the 
IDA (dashed lines) over the course of two cycles of an ORR 
voltammogram. 
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that the differences between cycles are negligible without piezo actuation and confirm that the 
observed changes are the result of piezo actuation. 
Figure 6.5A shows the current differences during cathodic sweeps due to actuation of the 
piezoelectric support when the electrochemical cell is purged with argon. This voltammogram 
shows actuation fields of +1.3 MV/m and -1.3 MV/m, which differ only in the directionality of E. 
The positive and negative E should induce approximately opposite lattice distortions and any 
changes in observed catalyst performance should differ accordingly. For both strain conditions, 
we observe that at potentials positive of the ORR wave, there is essentially no difference in the 
current between when the electric field is applied or not. As the potential sweeps more negative in 
the cathodic sweep (solid lines), we see that under positive field conditions, a positive difference 
current resembling an electrochemical wave emerges at around +0.9 V. For the negative field 
conditions, a similar wave develops, but it is negative in magnitude. The anodic sweeps (dashed 
lines) exhibit nearly opposite behavior, though with a less pronounced sigmoidal shape. Because 
these experiments show that changes in current under actuation correlate to electrochemical 
activity, are not constant across all potentials, and are dependent on the sweep directionality, they 
Figure 6.5: Difference voltammograms of the platinum leads in (A) argon-purged and (B) oxygen-saturated aqueous 
10 mM H2SO4 and 100 mM Na2SO4 after background subtracting even cycles from odd cycles. Cathodic sweeps are 
shown as solid lines and anodic sweeps are shown as dashed lines. 
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rule out electronic communication between the catalyst and support or changes in the electrode’s 
capacitance or area as the source of the observed changes in voltammetry. 
Many of the same current differences in argon-purged cells also appear when performing 
the same voltammetry with oxygen-saturated solutions, as shown in Figure 6.5B. The largest 
difference we observe with oxygen-saturated solutions is the emergence of a ~50 nA (0.3% 
difference) peak during cathodic sweeps that is centered at approximately +0.8 V vs. Pd/H2, a 
potential that might suggest it is related to the reduction of platinum oxide formed during the 
anodic sweep. However, as this peak does not appear when the cell is purged with argon, it is 
unlikely that it only appears due to the reduction of the oxide, as the oxide still forms in the absence 
of oxygen. Additionally, in sulfate electrolyte, site blocking effects due to adsorption of bisulfate 
ions are fairly constant in this potential range, so anion interactions are unlikely to cause this 
peak.22 Instead, this peak more likely results from a modulation of the reactivity of adsorbed ORR 
intermediates induced by the strained platinum surface. At these potentials, both OHads and Oads 
should coexist on the surface.23  For any changes in adsorption energy of Oads, the binding energy 
of OHads will change by half as much,
16 so it is reasonable that changes in surface strain would 
impact the relative thermodynamics of these two species. Ultimately, these changes are reflected 
in the changes in the peak height observed under piezoelectric actuation. While further 
experiments are needed to fully characterize the impacts that piezo-induced strain has on surface 
chemistry, this versatile platform to reversibly induce strain will provide an invaluable tool to 
developing a more thorough understanding of structure‒function relationships at metal catalyst 
surfaces. 
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6.4 Conclusions 
We have demonstrated for the first time a piezoelectrically actuated system to reversibly 
change surface chemistry on operating electrocatalysts using induced strain. Fabrication of these 
devices is achieved using standard photolithographic and gas phase deposition techniques. 
Actuation of the piezoelectric crystal with a 1.3 MV/m field in oxygen purged electrolyte causes 
broadening of the gap between cathodic and anodic sweeps in the psuedocapacitive region of 
platinum voltammograms. In oxygen saturated solution, actuation of the piezoelectric support 
generates a peak difference in the current that occurs in the ORR activation region of the 
voltammogram. We attribute this peak to changing reactivity of an ORR intermediate. This 
piezoelectric platform offers an unprecedented opportunity to modulate the reactivity of catalysts 
and electrocatalysts in situ to enable rapid screening of available surface configurations to discover 
optimal performance conditions. 
6.5 Methods 
6.5.1 Materials 
 Z- or Y-cut LiNbO3 (10×10×0.5 mm) single crystals were purchased from MTI 
Corporation. Chromatography grade water (Macron, ChromAR) and isopropyl alcohol (Macron, 
ACS reagent grade) were purchased from Avantor. Acetone (ACS reagent, ≥99.5%) and sodium 
sulfate (ACS reagent, ≥99%) were purchased from Sigma-Aldrich. Photoresist (AZ 5214E) and 
developer (AZ 400K) were purchased from MicroChemicals GmbH. Sulfuric acid (Trace grade) 
was purchased from Spectrum Chemical. All chemicals were used as received.  
6.5.2 Device fabrication 
Z- or Y-cut LiNbO3 single crystals are initially cleaned by ultrasonication in 
chromatography grade water isopropanol, and acetone. An interdigitated Pd/Au electrode array is 
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patterned on the back of the piezoelectric crystal though sputter coating and lift-off 
photolithography. The photoresist is developed with AZ 400K diluted to 1:7 with Millipore water. 
Atomic layer deposition is then used to apply an insulating layer of amorphous TiO2 onto the 
solution facing side of the piezoelectric crystal to prevent any leakage current between the 
piezoelectric and the electrocatalyst. The device is then annealed at 500 °C under a mixed oxygen 
and argon atmosphere to improve the insulator’s performance. An array of individually 
addressable platinum electrodes is deposited on top of the insulator using sputter coating and lift-
off procedures. A layer of platinum 8 nm thick is used to ensure adequate conductivity within the 
platinum lead. Following this step, the substrate is annealed under argon at 550 °C for a half hour 
to improve the quality of the platinum layer. Next, a masking layer of TiO2 is deposited on top of 
the electrodes that exposes only ultramicroelectrode-sized sections of the electrode to electrolyte 
during electrochemical experiments. A final anneal at 350 °C under an oxygen and argon 
atmosphere helps to improve the quality of this layer and ensure sufficient insulation in the TiO2 
underlayer. 
6.5.3 Electrochemical measurements 
Electrochemical measurements of oxygen reduction reaction (ORR) performance are 
performed in a gas flow chamber that allows the atmosphere to be purged with either Ar or O2 for 
background or ORR measurements, respectively. An aqueous solution of 10 mM H2SO4 and 100 
mM Na2SO4 is the electrolyte for all experiments to ensure that migration does not contribute to 
mass transport. A Pd wire is charged with hydrogen by performing the hydrogen reduction reaction 
in 1 M H2SO4 and then used as the a reversible hydrogen electrode (RHE) with a reference 
potential 50 mV positive of a Pt RHE, and a Pt wire is used as the counter electrode. The 
electrocatalyst surface of the piezo device is used as the substrate in a Teflon electrochemical cell, 
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and connections are made to the Pt leads using silver epoxy, Cu wire, and conductive Cu tape. 
Typical cyclic voltammograms for surface conditioning cycle the potential between -0.05 and +1.6 
V at a scan rate of 1 V/s in argon-purged electrolyte until the voltammogram stabilizes. 
Measurements of ORR activity are taken with voltammograms that cycle between 0.0 and +1.0 V 
at a scan rate of 20 mV/s. 
6.5.4 Piezoelectric strain actuation 
 Connections are made to the IDA leads using silver epoxy, Cu wire, and conductive Cu 
tape. Actuation of the piezoelectric crystal was performed using a bridge circuit that utilizes 
OPA445 operational amplifiers from Texas Instruments. This circuit multiples an input voltage by 
40 to provide a high electric field to drive piezo actuation. The input signal is a square potential 
wave generated using a Keithley Arbitrary Waveform Generator. In all experiments, the wave 
consists of one positive or negative step and one zero volt step. For each experiment, a wave period 
equal to twice the length of one potential cycle is used so that the actuation field will alternate 
between being off and on with each cycle. The electrochemical response during cycles with zero 
input voltage are used as a background for comparison against cycles with nonzero applied piezo 
voltages.  
6.5.5 X-ray diffraction 
 For XRD studies, samples were glued to Macor ceramic supports on a glass slug inside a 
Macor sample holder. The source radiation was Cu Kα (40 kV, 15 mA) and was directed through 
a 0.25 mm dispersion slit with [angle of 0.625°]. Full diffractograms (20°-90° 2-theta) were 
collected at 2°/min., and selected regions of more interest were collected at 0.12°/min. All 
collections had 0.02° step sizes. 
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CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS 
7.1 Abstract 
While there are a multitude of systems for which localized redox titrations backed with our 
quantitative simulations can offer deep mechanistic insights, there are still technical improvements 
that can make SI-SECM a more powerful technique. First, developing SI-SECM into a true 
imaging technique would allow complete mapping of adsorbate populations on semiconducting 
surfaces. Alongside that approach, the identification of titrants that allow SI-SECM to be used on 
conducting surfaces would vastly improve the versatility of this technique. Going beyond these 
experimental approaches, further development of our simulation framework will allow exploration 
of frequency modulation in SI-SECM to improve the temporal resolution of SI-SECM and study 
adsorbate formation dynamics. Our final and most exciting goal is to use SI-SECM to dynamically 
measure changes in adsorbate reactivity on catalysts strained by piezoelectric supports. By 
pursuing these routes, we hope to develop SI-SECM as an indispensable tool for the study of 
structure‒function relationships on catalytic surfaces.    
7.2 SI-SECM Imaging 
 Developing SI-SECM as an imaging technique for semiconductor photoelectrocatalysts 
will allow rapid mapping of catalyst surfaces to more thoroughly understand the impact of local 
heterogeneities on adsorbate reactivity than has been possible via point-by-point titrations. Point-
by-point titrations have revealed local differences in adsorbate reactivity induced by local 
heterogeneity but have not yet been used to study how far of a reach these differences have. 
Developing an SI-SECM imaging mode would enable us to map gradients in adsorbate reactivity 
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to better elucidate what “local” means on catalyst surfaces. However, several technical challenges 
remain to making SI-SECM a more widely accessible imaging tool. 
  The technical challenges to making SI-SECM a powerful imaging technique include some 
experimental challenges and many data handling challenges. While writing a program to move 
between points and perform surface interrogations should prove somewhat trivial, much care will 
have to be taken to develop protocols that ensure good backgrounds can be measured. For example, 
each spot may require a series of potential steps, as shown in the top left of Figure 7.1. This series 
of steps begins by cleaning the surface of reactive intermediates by generating titrant at the tip, 
after which the catalytic step occurs. After this, the titration and blank steps are performed. Due to 
the presence of residual intermediates left between titrations and spatial fluctuations in light 
intensity when imaging large areas, such a technique may need to incorporate a tip that acts as an 
optical fiber to deliver light primarily to the area being titrated.1 Such probes would enable rapid 
SI-SECM imaging. Much more work must be done to improve data handling, as to be broadly 
Figure 7.1: Bottom left shows a schematic of a SECM tip rastering across a semiconducting surface and performing 
surface interrogations at each spot. The remaining parts show workflow describing the potential steps and data analysis 
involved in extracting coverage and kinetic data at each pixel using SI-SECM imaging. Dashed lines in the potential 
step diagram indicate an electrode is at open circuit. 
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applicable, a way to automatically fit titrations to extract reactivity and coverage information will 
be needed. This may necessitate further development of the analytical framework as indicated from 
Chapter 3 to better account for kinetics so that these can be extracted without exhaustive 
simulation. Figure 7.1 shows rough approximations of how both kinetics and coverage could be 
extracted simply from the interrogation currents using  However, with the library of interrogations 
under many conditions already developed with the simulations in Chapter 3, an early iteration of 
the data processing software suggested here could make coarse estimations to guide later 
simulations. Developing the theory and programs to facilitate rapid data analysis for SI-SECM 
transients will present the largest challenge to the development of SI-SECM imaging. 
7.3 Surface Interrogations of Extended Conducting Surfaces 
To the best of our knowledge, no examples of surface interrogations performed on 
extended conductive substrates have yet been reported. As explained in Chapter 3, this is because 
the interrogation current would be obscured by open circuit feedback from bipolar 
electrochemistry involving the remote self-exchange of the redox mediator couple we use as 
titrant. This limits the scope of SI-SECM imaging to semiconductors, but quantitative 
measurements of reactivity and coverage would be useful for the study of electrocatalysis and 
corrosion on metal surfaces. However, it may be possible to circumvent this limitation through 
careful selection of the redox mediator used as titrant. Choosing a redox mediator that has 
moderately irreversible electron transfer kinetics would allow the rate of open circuit feedback to 
be decreased as long as an overpotential was required for converting the titrant back to its original 
state. In this case, as long as the adsorbed species has enough oxidizing (or reducing) power to 
convert the titrant to its original form, an interrogation will proceed with minimal perturbations 
from open circuit feedback processes.  
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Our group has briefly tested this hypothesis using an ethylenediaminetetraacetic acid iron 
(II/III) complex (Fe[EDTA]0/+) as the redox couple to mediate reduction of oxides formed on 
platinum and gold. While the surface interrogations of both metals were ultimately inconclusive, 
we were able to observe pure negative feedback over large gold or platinum electrodes at open 
circuit using Fe[EDTA]0/+ as a redox mediator. Interestingly, we could then generate positive 
feedback by oxidizing the substrate at potentials that generate the oxides of these noble metals. 
Although these experiments have not yet demonstrated SI-SECM as an effective tool for titrations 
of surface species on extended conductive surfaces, they demonstrate the basic principle that 
careful mediator selection can effectively eliminate open circuit feedback. The next steps is to 
identify ideal conditions to demonstrate that this principle can be effective in SI-SECM, which 
may necessitate identification of more promising mediator species. 
7.4 Continuous Interrogation SECM 
Surface interrogations are a powerful tool for studying the reactivity of surface 
intermediates, but it lacks the ability to probe the 
dynamics of adsorption because titration is 
performed after coverage has been established. To 
access this information during a single 
measurement, a new mode of SI-SECM can be 
employed that continuously generates titrant while 
pulsing substrate activation. Using different 
substrate activation pulse lengths would give 
measurements of the number of adsorbates formed 
as a function of activation time to extract formation 
Figure 7.2: Schematic of applied potentials and 
expected current responses in continuous 
interrogation SECM. 
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kinetics for adsorbed species. An additional advantage of this “continuous interrogation” mode of 
SECM is that the tip’s diffusion field is established prior to the formation of adsorbed species. This 
will eliminate the rise time associated with establishing that diffusion field, which will give access 
to faster kinetics than can be measured via traditional SI-SECM.  
7.5 Multi-Modal SECM at Dynamically Strained Catalyst Surfaces 
Our multi-modal SECM approach generates useful data about electron transfer kinetics, 
product generation, and adsorbed intermediates that allows us to develop a detailed picture of 
surface reaction mechanisms, as we showed in Chapters 4 and 5. In the immediate future, this 
approach will be ideal for elucidating how strain is impacting the mechanism of the oxygen 
reduction reaction on strained platinum surfaces. As shown in figure 7.3, we will use a combination 
of feedback, generation/collection, and surface interrogation modes of SECM to comprehensively 
characterize the reactivity of strained platinum surfaces. Feedback mode will be used to quantify 
changes in direct electron transfer kinetics on strained surfaces.2 Tip generation/substrate 
collection experiments will be critical to quantifying how strain modulation impacts the kinetics 
Figure 7.3: A schematic of the multimodal SECM modes we will employ to study dynamically changing reactivity on 
strained surfaces and examples of predicted results for these techniques on platinum surfaces. 
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of oxygen reduction in response to piezoelectric actuation, as it allows a high flux of reactant to 
be delivered to spots on the surface. With a multichannel potentiostat, these experiments can be 
followed up by tip generation/substrate collection/tip collection experiments that employ a ring-
disc SECM probe. These experiments will be similar to tip generation/substrate collection 
experiments except that the ring electrode will be biased to collect hydrogen peroxide evolved 
from the surface to determine if the mechanism of ORR changes between the four and two electron 
mechanism under strain.3 These experiments will be crucial for establishing how strain impacts 
key performance metrics, but SI-SECM will play an even more important role in characterizing 
the impact of strain on adsorbate reactivity. 
Surface interrogations directly quantify the kinetics of a bimolecular reaction between a 
solution species and a redox mediator,4 and because of this can indirectly provide information 
about the activation energy of that reaction. In previously reported work, this correlation has been 
shown by using titrant species with differing E0 that reduce oxides on noble metals.5 By using the 
piezoelectric supports described in Chapter 6, we can instead modulate the adsorption energies of 
surface species through an applied strain to change the observed kinetics. This will enable us to 
quantify changes in adsorption energies of individual species as a function of strain. We will 
combine these measurements with structural data obtained from X-ray diffraction measurements 
and performance metrics from bulk and microscopic electrochemical measurements to create 
richly detailed volcano plots that correlate strain with experimentally measured kinetic and 
thermodynamic data. Such rich data will allow us to identify where computed volcano plots fail to 
accurately predict reactivity, thus providing starting points to further investigate the relationships 
between surface structure and catalytic reactivity.  
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7.6 Concluding Remarks 
SI-SECM and piezoelectric supports are both useful additions to the many techniques for 
detection of surface species because each offers a new perspective from which we can look at the 
reactivity of adsorbed intermediates. The utility of SI-SECM lies largely in its ability to 
quantitatively probe reactivity in situ and achieve spatial resolutions relevant to study reactive 
domains formed on heterogeneous surfaces. Because of these advantages, we have been able to 
directly observe reactivity changes caused by changes in surface structure, and we have begun to 
look at more complex changes in reactivity using this same platform. Surface interrogations have 
even been useful for measurement of reactivity of redox active polymer films in our lab, which 
demonstrates the versatility of this technique. As this technique matures further, it is likely that we 
will see its use across an even broader range of applications.  
Our experiments with piezoelectric supports are still at an early stage, but we believe they 
will prove to be useful tools for the study of heterogeneous catalysts, battery electrodes, 
photovoltaics, polymers, and many other functional materials. Unlike other techniques for the 
study of adsorbed species, they provide the ability to change the reactivity of a material in situ, 
which opens the doors to many experiments that would otherwise be laborious and time 
consuming. Beyond the analytical promise that this technology holds, these supports could be used 
to enhance the performance of catalysts through dynamic strain modulation. Additionally, the 
creation of bistable materials that have two metastable residual strain states that the material can 
switch between upon piezoelectric actuation. This could be a useful strategy to switch a materials 
between passive states that are highly stable and active configurations that perform better but are 
less stable. As many renewable energy sources harvest energy transiently,6 this could be a useful 
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strategy to extending material lifetimes. The many possibilities for these supports that will be fully 
explored as this project continues. 
The combination of piezoelectric supports and multi-modal SECM has the potential to 
offer unprecedented insights into surface catalytic mechanisms. While these techniques do not 
replace the spectroscopic techniques that dominate studies of surface science, they offer a powerful 
complement to currently available analytical methods. Coupling these techniques with techniques 
that identify chemical speciation of adsorbed species, e.g., Raman spectroscopy, will provide a 
truly clear picture of the catalytic interface. With our simulation framework, SI-SECM becomes a 
powerful and flexible tool with which we can extract a wealth of information about surface 
chemistry. Developing the methods to perform SI-SECM at substrates on piezoelectric supports 
will enable the study of fundamental chemical relationships critical to catalyst development, and 
will help us understand how structure‒function relationships control surface reactivity down to the 
nanoscale.   
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APPENDIX A: SUPPLEMENTAL INFORMATION FOR CHAPTER 4 
 
Appendix A.1: SrTiO3 preparation procedures 
The as-purchased (100) STO (MTI Corporation, 10x10x1 mm, 1 side polished, made in Japan)  
was first rinsed thoroughly with acetone, isopropyl alcohol, and Milli-Q water (18.2 MΩ). It was 
then immersed in 7:1 buffered oxide etch to remove any surface contaminants for 30 seconds 
before being thoroughly rinsed with Milli-Q water. Following this, the samples were annealed at 
1050 °C under a 50 sccm hydrogen flow for 3 hours. The patterns were milled using a FEI Dual 
Beam 235 FIB. For milling, a gallium metal ion source was used with an accelerating voltage of 
30 keV and the milling current was set to 1000 pA. After milling, the buffered oxide etch procedure 
was repeated to remove any potential contaminants deposited by the electron or ion beam. 
Table A.1: Calculated dopant density from Mott-Schottky measurements 
EIS frequency 
(Hz) 
Slope 
Efb 
(V vs. Ag/AgCl) 
R2 
nD 
(cm-3) 
100 5.42×1011 -2.09 0.99993 2.78×1020 
200 5.50×1011 -2.1 0.99991 2.74×1020 
500 5.58×1011 -2.12 0.99992 2.70×1020 
1000 5.62×1011 -2.22 0.99993 2.68×1020 
1000 5.65×1011 -2.24 0.9999 2.66×1020 
Relative permittivity of STO (θ) =332 
nD=2/(332*8.854e-14*(π*(0.13)^2)^2*1.602e-19*Slope) 
nD,avg = 2.71±0.05 ×1020 cm
-3 
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Figure A.1: Photoelectrochemical characterization of STO. A) Chopped light voltammogram of 
STO in 0.1 M borate buffer (pH 9.3). B) IPCE measurements for the prepared STO samples 
indicate high photoactivity in the UV and some visible light activity. C) AFM linescans of the STO 
surface comparing a pristine area with a patterned area. The RMS roughness is 2.6 nm for the 
pristine area, but 3.03 for the FIB patterned area. 
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Figure A.2: Characterization of FIB-milled areas on STO. A) A low voltage SEM image clearly 
shows that milled areas produce more secondary electrons than pristine areas, indicating a less n-
type character. B-D) The patterns shown in the paper (Fig. 4.1C) had milled features too small to 
produce a clearly identifiable gallium signal over the noise levels in energy-dispersive X-ray 
spectroscopy. We used identical milling parameters to produce the pattern shown in A.3B with 
larger features so that spectra could be collected from larger spots to decrease the relative noise. 
S2C shows an EDS spectrum taken within this orange box in A.2B that has clearly identifiable 
gallium peaks. In contrast, the EDS spectrum in A.2D taken in the blue box in A.2B shows no 
evidence of gallium present on the pristine surface. 
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Figure A.3: CVs on a C UME (a = 4 μm) positioned at L = 1 over either a pristine or a patterned 
area in a 50 μM solution of K3[Fe(CN)6] in 100 mM borate buffer (pH = 9.4). Without illumination, 
the reduction of ferricyanide gives a cathodic current. With the substrate illuminated at open 
circuit, equilibration of the mediator with the substrate converts most of the ferricyaninde to 
ferrocyanide, and a CV in the same potential range shows a primarily anodic current. The anodic 
current measured over the pristine surface is slightly larger due to the higher activity of the pristine 
surface. 
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Figure A.4: Figure 4.2E after a linear correction to account for current drift was applied. For this 
technique, we found the slope of current change with respect to x and y independently, then 
subtracted these increases from the original image data. The first 10 lines scanned were removed 
for this image to enhance contrast of the other regions. The original image showed highest positive 
feedback in the bottom right corner. This SECM image was taken with the substrate illuminated 
at open circuit using a carbon UME (a = 4 μm) positioned at L=1 and biased to reduce 0.6 mM O2 
and 0.1 M TBA.PF6 in DMF. 
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Figure A.5: Measured surface coverage of ROS formed on STO during photoassisted water 
oxidation at a series of substrate potentials. At minimally activating potentials, the surface 
coverage is unreliable, but as the potential increases, the surface reaches a limiting coverage. 
Surface coverages were extracted by fitting experimental transients to simulated surface 
interrogations. 
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Figure A.6: Simulated surface coverage (ΓA) of reactive adsorbates after surface interrogations 
using (A and B) a 4 μm radius UME or (C and D) a 240 nm radius nanoelectrode. Simulations 
used parameters relevant to experimental conditions: [mediator] = 50 μM, D = 7.0×10-10 m2/s. ΓA 
and ksi were chosen from values that best fit SI-SECM data taken with the a = 240 nm electrode.
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APPENDIX B: SUPPLEMENTAL INFORMATION FOR CHAPTER 5 
 
 
Figure B.1: Representative IPCE of an Ti-Fe2O3 sample in 100 mM borate buffer (pH = 9.4) at a 
potential of +0.8 V vs. Ag/AgCl. 
 
Appendix B.1: Tip Characterization and Validation Experiments 
We first test that our hematite sample does not display open circuit activity in the dark, a necessary 
condition to the success of the SI-SECM experiment. We chose the [Fe(CN)6]
3-/4- redox couple as 
the mediator because its Eo is sufficiently negative to reduce ROS and is stable when exposed to 
UV illumination.20. A CV of a 4 µm carbon fiber UME shows that the reduction of [Fe(CN)6]
3- 
does not overlap with reduction of oxygen (see Figure B.2). The tip was then biased at 0 V to 
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continually perform the diffusion limited steady state reduction of [Fe(CN)6]
3- while slowly being 
approached toward the hematite substrate. The resulting normalized tip current (I) is plotted as a 
function of normalized tip distance from the substrate (L) as the red curve in Figure B.3. The blue 
curve in Figure B.3 shows the theoretical current response when an identical electrode is 
approached to a fully insulating substrate. Current decreases as the tip approaches the substrate 
because the substrate hinders diffusion of [Fe(CN)6]
3- from the bulk to the tip. The good agreement 
between the theoretical and experimental approach curves shows that the hematite substrate is not 
active at open circuit in the dark. 
 
Figure B.2: Cyclic voltammogram of the 4μm carbon fiber UME in a pH = 9.4 borate buffer 
solution containing 50 μM [Fe(CN)]3-. 
 155 
 
 
Figure B.3: Approach to a Ti-Fe2O3 sample in the dark using a 4 μm carbon fiber UME that was 
reducing [Fe(CN)]3- at a potential of 0 V vs. Ag/AgCl. The electrolyte was a pH = 9.4 borate buffer 
solution that contained 50 μM [Fe(CN)]3-. The approach fit best to negative feedback using 
equations from Lefrou, C.; Cornut, R., Analytical expressions for quantitative scanning 
electrochemical microscopy (SECM). Chemphyschem 2010, 11 (3), 547-556.  
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Figure B.4: (A) Cyclic voltammograms of a Pt UME in an aqueous borate buffer (pH=9.4) with 
differing concentrations of H2O2. (B) The calibration curve generated using the current measured 
at +0.4 V vs. Ag/AgCl.   
